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8ECTION I 
mRODUCTION 
The inherent complexity of t h e  basic mission of STOL a i r c r a f t  may 
give r i s e   t o  an increase i n  requirements for improved f l igh t  cont ro l  
systems, displays, and control techniques. For example, the crew  of a 
typ ica l  STOL transport  may be faced with curved path, decelerating, high 
angle, precision approaches dawn t o  instrument minimums followed by a 
short-field landing on near ly  every f l ight .  Two fundamental concepts have 
evolved t o  achieve such performance with safety: first, a fully automatic 
systen wherein the pilots simply act  as monitors; and second, a system 
t a i l o r e d  around the pilot  i n  such a way tha t   the  workload and task require- 
ments for  a manually controlled approach are reduced to an acceptable level. 
A th i rd ,  and more expensive, choice is t o  do both, thereby allowing the 
p i lo t s  to  take  over  and complete the STOL approach manually in  the event  
of an automatic system failure. The work covered i n  the present report 
i s  or iented towards pilot-centered requirements and, accordingly, assumes 
the second concept where the  p i lo t  w i l l  be in  the loop during the ent i re  
approach. 
The major areas of concentration were centered about the design of 
improved f l igh t  d i rec tor  d i sp lays  and configuration management techniques 
combined t o  minimize p i l o t  workload. 
Some, of the f'undamental concepts reported here represent an extension 
of e a r l i e r  work. In particular,  the basic fomniLation of the configura- 
t i o n  management scheme i s  reported in Ref. 1 and t h e   i n i t i a l  work on . the  
longi tudina l  f l igh t  d i rec tor  i s  reported in  Ref. 2. 
The Augmentor Wing J e t  STOL Research Aircraft presently being flown 
at NASA Ames Research Center served as the test bed for the conceptual 
developments and simulation reported herein. The ana lys i s  r e f l ec t s  t h i s  
i n  that  the air f rame character is t ics  and high lif't devices employed on t h a t  
a i rc raf t   a re   u t i l i zed   in   the   des ign  development. . 
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SECTION I1 
The mdamental  requirements  for  the development of an integrated 
configuration management/flight director system have evolved over a period 
of  years  (e.g.,  Refs. 3-5) .  These  requirements a r e  summarized i n  t h i s  
sec t ion   wi th   par t icu lar  emphasis on application to powered-lif t  STOL air-  
planes which have descending, decelerating curved paths as a mission 
objective. The requirements  consist of  two fundamental  subsets: 
0 Guidance  and control  requirements - fundamental  and 
independent of whether the controller is  an automatic 
o r  human p i l o t .  
0 Pilot-centered  requirements - r e l a t e  t o  t h e  f a c t  
that the control ler  i s  a man. 
A summary of the requirements central to design of these systems i s  given 
i n  Table 1.  The satisfaction of these requirements from basic considera- 
t ions leads to the selection, sensing, shaping, and relative weighting of 
appropriate feedbacks (and feedforwards) in a way which i s  bes t  for  manual 
control  using the f l ight  director /configurat ion management system. 
A. GEDAX!E AND CONTROL RFQUlREMnvTS 
These requirements are independent of the type of controller, manual or 
automatic .  In  general ,  they are  such to  es tabl ish the aircraf t  on a com- 
mandedpath/speed profile, and to reduce any pa th  e r ro r s  t o  ze ro  in  a s table ,  
well-damped manner. They lead to outer-loop feedbacks and command feedfor- 
wards which a re  r equ i r ed  to  accomplish the mission. Additional inner-loop 
feedbacks are needed to permit the f i rs t  set of feedbacks to function. 
Thus, f o r  command following the system must accommodate: 
0 Curved  and straight paths generated from the Microwave 
Landing System (MLS). 
0 Deceleration profiles on curved  and s t ra ight  paths  
dur ing  leve l  f l igh t  and while tracking a steep 
glide slope. 
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TABLE 1 
PILGT/vEHICLE SYSTEM REQUEGMfCNTS 
Guidance  and  Control 
0 Cammand Following 
0 Disturbance Regulation 
0 Stability  and  Damping 
Pilot-Centered 
0 Minimum  Pilot  Compensation - Feedbacks - Equalization 
0 Response Quality 
0 Frequency  Separation of Controls 
0 Non-Interacting Controls 
0 Insensitivity  to  Pilot  Response 
Variations 
0 Remnant Suppression 
For  disturbance  regulation,  the  system  must  regulate  against: 
8 Steady winds 
0 Random  turbulence  and  gusts 
0 Horizontal  wind  shears 
Stability  and  damping  properties  arise  out  of  the  inner  loops  and  feed- 
back  of  the  rates of change  (or  derived  rates) of outer-loop  variables. 
B. PILOT-CmERED REQ-S 
The  presence  of a human  pilot  in  the  control  loop  places  additional 
requirements on the  specification  of  the  guidance  and  control  laws.  The 
following  paragraphs  treat  briefly  each of t e  pilot-centered  requirements 
in  Table 1. 
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1.  MinimMI Pilot Canpensation 
The d e s i r e   t o  minimize p i lo t  e f for t  whi le  re ta in ing  maximum system 
performance imposes requirements on the dynamic propert ies  of  the effect ive 
controlled element consisting of the vehicle plus fl ight director computer/ 
display. A s  i s  well known, the human p i lo t  adapts  h i s  cha rac t e r i s t i c s  t o  
compensate f o r  t h e  dynamic deficiencies of the  effective controlled element. 
A s  p a r t  of this adaptation, he may be forced t o  develop low-frequency 
lead(s )  and/or  to  ad jus t  h i s  ga in  prec ise ly .  When low-frequency lead i s  
required of  the pi lot ,  a cos t  i n  p i lo t  dynamic capacity i s  incurred (Ref. 6) 
as reflected in increased effective t ime delay and a resu l t ing  de te r iora t ion  
i n  system performance. P i lo t  ra t ings  a l so  suf fer  somewhat from such decreased 
performance but mostly from the added "work" of low-frequency lead generation. 
Ratings may de ter iora te  fur ther  i f  the  ga ins  a re  in  a non-optimum region (too 
sensi t ive or  too s luggish) .  
As  a r e s u l t  of these human pilot properties, an obvious design require- 
ment is  that the effective controlled element be constructed to: 
0 Require no law-frequency  lead  equalization. 
0 Permit pilot loop closure over a  wide  range  of  gains. 
This can best be achieved when the effect ive control led element (airplane 
plus SAS p lus  f l i gh t  d i r ec to r )  approximates a pure integration, K/s, over 
the frequency range of pilot/director/vehicle system crossover (see Ref. 7 ) .  
This i s  accomplished by adjusting the weightings of the various feedbacks 
in  the  f l igh t  d i rec tor  computer so that  the effect ive control led element 
approximates th i s  cha rac t e r i s t i c  over a f a i r l y  broad frequency region. 
Finally,  the display/controlled-element dynamics should be approximately 
time invariant. The p i l o t  can adjust  to non-stationary situations,  but it 
involves adaptation and learning which increases   t ask   d i f f icu l ty  and degrades 
performance. This implies that the beam error should be  range  compensated. 
The requirement for response quality must also be considered in the design 
of range compensation and is. discussed in the following subsection. 
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2. Responee Quality 
Response quali ty refers to certain aspects of the display response 
and aircraf t  path response which d i r e c t l y   a f f e c t   t h e   p i l o t ' s   s u b j e c t i v e  
opinion of t h e  system. Those response quali t ies associated with the dis- 
p lay   a re  summarized below. 
0 Command bar consistency - Some correspondence must 
ex i s t  between the  command signal and the vehicle or 
control  motions i n  each of several frequency bands. 
A t  low frequency the commaml should be consistent 
with path deviation and aircraft heading. The  mid- 
frequency response should 'be consistent with vehicle 
a t t i t u d e  motions and a t  high frequency with attitude 
rate or control displacement.  
0 Face va l id i ty  - The  command bar motions must  be con- 
sistent with the status infomation without discon- 
t i n u i t i e s  or step commands that require  large sudden 
control  inputs  (and/or  resul t  in  a t t i tude overshoots) .  
0 , Response compatibil i ty - The  command bar response 
should not require aggressive control activity nor 
should it appear "busy" t o   t h e   p i l o t .  
Response qua l i t i es   assoc ia ted   wi th   the   resu l t ing   a i rc raf t  motions when 
the  f l i gh t  d i r ec to r  i s  kept centered are given as follows. 
Modal interact ions - The closed-loop system response 
should be rapid and wel l  damped a k i n   t o   t h a t  of a lower 
order system with minimum coupling between the modes of 
motion. This implies that the path mode and a t t i t u d e  
modes should be well separated in frequency, i.e.,  
p i lo ted  (us ing  the  f l igh t  d i rec tor )  or  au topi lo t  c lo-  
sure should not drive the system modes into near proxi- 
mity t o  each other. 
Path mode consistency - The response of the system t o  an 
in i t i a l  cond i t ion  o f f se t  (due to  an external  dis turbance,  
p i lo t  ina t ten t ion ,  etc. ) should not result  in "long ta i ls ,  
offsets ,  overshoots ,  or  abrupt  large at t i tude changes. 
Large a t t i t u d e  changes a re  ind ica t ive  of  a very "tight" 
system which tends t o  overdrive the bank or pitch angle.  
This i s  not consistent with normal IFR pilot ing tech-  
nique and r e s u l t s   i n  degraded pilot  opinion and passen- 
ger comfort. 
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3. Frequency  Separation o f  Controls 
The frequency range of control for each longitudinal director should 
be separated.  In  this  way one d i rec tor  i s  primary, e.g. , for  regulat ion 
of f l igh t  pa th ,  and the  o ther  d i rec tor  i s  f o r  lower-frequency trim func- 
tions. This reduces the scanning workload between the  two d i rec tors  to  an  
acceptable level.  The importance  of t h i s  requirement was reinforced during 
the piloted simulation phase of this program. That is ,  t he  p i lo t s  were very 
c r i t i c a l  of director designs which involved reasonably tight manual control  
of  speed - and f l ight   path.   Al locat ing  the speed con t ro l   f i nc t ion   t o  a speed 
SAS system met with very favorable pilot reaction. 
4. Non-Interacting  Controls 
Each director should be essentially non-interacting, meaning that  c losure 
of one director  loop w i l l  not produce an undesirable response on another 
director .  
5. Insensitivity to Pilot Response 
The pilot  should be able to  c lose  the fl ight  director  loop over  a wide 
range of crossover frequencies (gain) without a noticeable change i n  the path 
mode or flight director response. This implies a broad region of K/s over 
which the pilot  can close the loop with an acceptable phase margin. Addi- 
t ional ly ,  there  should be no penalty for unattended operation such as would 
occur i f  bean in t eg ra l  were fed back to  the  f l i gh t  d i r ec to r .  In  th i s  ca se ,  
i f  t h e  p i l o t  does not continually respond t o  t h e  d i r e c t o r  commands, a small 
local izer  deviat ion w i l l  be integrated to  appear  as a la rge  d i rec tor  command. 
If the  p i lo t  then  centers  the  bar ,  the  a i rc raf t  i s  dr iven off  the local izer  
t o  a point where the local izer  error  cancels  the integrator  output .  The air- 
craft w i l l  then  re turn  to  the  beam with a time constant near that of the 
integral term (i.e.,  very slowly). 
6.  Remnant Suppress ion 
Remnant i s  the  p i lo t ' s  ou tput  which i s  uncorrelated with his perceived 
er ror  s igna l  and may be of three kinds (Ref. 8) - residual, scanning, and 
6 
processing remnants. The most significant in the present context i s  scan- 
ning remnant which may be decreased by reducing the number of displays 
required t o  acccmplish the desired task. This of course is  the basic 
reason for having a f l i gh t  d i r ec to r  i n  the  first place. The basic trade- 
off here is  t o  maximize the amount of information on the  f l igh t  d i rec tor  
while maintaining a low l e v e l  of complexity on the display. High-frequency 
control motions which are  character is t ic  of  pi lot  remnant should not show 
up when f lying the f l ight  director  display.  This  i s  achieved in part by 
making the effect ive control led element a K/s (e.g., high-frequency signals 
a r e  f i l t e r e d ) .  Pure gain effective controlled elements (control position 
command  on d i rec tor )  which do not attentuate high-frequency components tend 
to look very busy because of p i l o t  remnant. 
- 
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SECTION 111 
CONFIGURATION MANAGEMENT 
The primary design goal of STOL t r anspor t  a i r c ra f t  i s  t o  achieve very 
low approach and landing speeds without significant sacrifice in cruise 
speed and payload. This implies some form of lift augmentation i n  the 
approach configuration. I n  many cases ,  t h i s  r e su l t s  i n  a redundant s e t  
of basic longitudinal controls,  e.g. ,  elevator,  f laps,  thrott le,  and 
other ind2vidual l i f t  and drag control devices. Increased complexity of 
t he  p i lo t ing  t a sk  a r i s e s  from t h e  number of control combinations which can 
be used t o  achieve a given trim s t a t e .  I n  add i t ion  to  having an ex t ra  con- 
t ro l  l ever  to  manipula te ,  the  p i lo t  must also consider (and avoid) inadver- 
tent excursions into "marginal regions" of t h e  f l i g h t  envelope.  Unlike. t h e  
CTOL a i r c r a f t  s i t u a t i o n  where angle of a t tack  and speed a re  d i r ec t ly  r e l a t ed  
( 1  g f l i g h t ) ,  t h e  STOL p i l o t  must consider a la rge  var ie ty  of f l ight  para-  
meters to  evaluate  his  current  safety margins .  The concept of the "configu- 
ra t ion  management" scheme discussed herein i s  t o  maximize the vehicle  
operating safety margins throughout the flight envelope from the "clean" 
configuration, through the conversion to STOL, and during s t ra ight  and 
curved tracking of precis ion approach paths i n  t h e  STOL mode.  The objective 
i s  to  provide the most o p e r a t i o n a l  f l e x i b i l i t y  i n  terms of climb and descent 
o r  accelerat ion and decelerat ion capabi l i ty .  A detailed description of the 
method is  given i n  Ref. 1 .  The following  paragraphs summarize the applica- 
t i on  of the "automatic" configuration management scheme t o  t h e  Augmentor 
Wing J e t  STOL Research Aircraft (Ref. 9 contains a descr ipt ion of t h i s  a i r -  
plane)  for  a decelerating, descending, curved approach. 
Primary considerat ion is  given to  minimizing pi lot  workload while m a x i -  
mizing the operating safety margins throughout the conversion t o  STOL and 
t h e  f i n a l  approach. The des i red  charac te r i s t ics  tha t  accompany these 
object ives  are  summarized below: 
a Controls which  produce  "separate"  changes in  a i rp lane  
motion perpendicular and p a r a l l e l   t o   t h e   v e l o c i t y  
vector (this uncouples the controls).  
Good acceleration-deceleration and  climb-descent 
capabi l i ty  (without  coupl ing)  a t  a l l  speeds.  
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a Configurations  that   al low  unsafe  f l ight  conditions 
shuuld not be possible (due to  configurat ion manage- 
ment scheme ). 
a 5ll changes in  p i t ch  a t t i t ude  du r ing  t r ans i t i on  
f o r   r i d e  comfort and t o  maintain acceptable safety 
margins. 
a Minimum  number of  required throt t le  changes. 
A. m€iL CHCW1CTmISTICS 
A s  d i scussed  in  de t a i l  i n  Ref. 1 ,  t he  p i lo t  workload i s  minimized by 
means of a flap-nozzle interconnect to keep the aircraft operating within 
the acceptable region of i t s  trim envelope a t  any speed and descent com- 
bination.* The primary considerations in design of such an interconnect 
a r e  : 
1 .  The f l a p  and the interconnected nozzle should be 
programmed as a function of speed. 
2. Uncompensated flap  deflections  cause  "ballooning. 
It i s  t he re fo re  des i r ab le  fo r  t he  f l ap  to  lag 
rather than lead speed changes. 
3. Flap actuation is  slower than nozzle actuation; 
therefore, the flap should drive the nozzle for 
trim. 
4. A continuous trim s t a t e  i s  achieved by using the 
f lap  to  a l so  dr ive  the  e leva tor .  
5.  Speed regulation and command are best accomplished 
with the nozzle. 
To summarize, a continuous trim s t a t e  i s  best achieved by dr iv ing  the  f lap  
w5th speed and i n   t u r n  driving the nozzle and elevator with flap; speed per- 
turbation from the t r i m  s ta te  are  handled by nozzle control. 
A f'undamental r e s u l t  i s  t h a t  t h e  a i r c r a f t  becomes neut ra l ly  s tab le  in  
speed. Physically,  this means tha t  t he  a i r c ra f t  will  s tay a t  i t s  current 
~ 
*The Augmentor Wing Ai rc ra f t   u t i l i ze s  a combination of blown f l a p s  and 
th rus t  vec to r  con t ro l  fo r  l i f t  augmentation. The "nozzles" in  th i s  r epor t  
re fe r  t o  the hot thrust vector control. Reference t o  the nozzle i s  spe- 
c i a l i zed   t o   t he  Augmentor Wing but is  generally applicable in principle 
t o  any f a s t  ac t ing  independent l i f t /drag device.  
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airspeed until disturbed, i n  which case it will go t o  a new speed and auto- 
mat ical ly  retrim for  tha t  f l igh t  condi t ion .  In  te rms  of the  charac te r i s t ic  
modes of  the  a i rc raf t ,  the  phugoid roots  are modified so t h a t  one pole is  
always  near the  or ig in .  The resu l t ing  augmented a i r c r a f t  i s  representative 
of a type one system (looks like an integrator) a t  low frequency. In  f ac t ,  
t h i s  was a primary objective of the design in that it serves as an ideal 
control led element for speed command augmentation. The speed command system 
(which renders the configuration management  scheme "automatic") i s  achieved 
v ia  a unity feedback of  airspeed which i s  compared with a selectable speed 
command s ignal  and fed to  the nozzle  (Fjv, in  the block diagram of Fig. 1 ) .  
The f'unctions f , ,  f2, f3 i n  Fig. 1 def ine the previously mentioned f lap,  
nozzle, and elevator interconnect required t o  achieve a continuous trim 
s ta t e .  A gust f i l t e r  [ 1 / ( T h s  -t l ) ]  was included to  a t t enua te  the  e f f ec t s  
of high-frequency gusts on the nozzle and flap servo actuators. A generic 
survey of the effect of the outer speed loop is  given in Fig. 2. Note that 
the closed-loop pole a t  1 /TA1 i s  essent ia l ly  cance l led  by the zero a t  1 /Tul, 
leaving only a dominant  well-damped second-order mode.  The speed SAS gain, 
e,, was s e l e c t e d  t o  be constant for a l l  f l ight  condi t ions.  The value was 
optimized during the FSAA simulat ion resul t ing in  10 degrees of nozzle per 
knot of a i rspeed error  and a closed-loop speed mode of 0.69 rad/sec with a 
damping r a t i o   o f  0.72. 
- 
B. TRlM SCHEDULF DEVELOPMENT 
The development of  the trim schedules ( f l  , 2, 3) involved a number of 
compromises between the pi lot-centered and guidance and control requirements. 
I n  some cases,  the desired performance was r e s t r i c t e d  by basic airplane limi- 
ta t ions  such as maximm decelerat ion capabi l i ty ,  f lap placards ,  and nozzle 
l i m i t s  . 
The pr imary restr ic t ion was the   l imi t ed   capab i l i t y   o f   t he   a i r c ra f t   t o  
decelerate on the gl ide path.  The to ta l  acce le ra t ion  a long  the  ve loc i ty  
vector, ?, i s  given by: 
v = ax - gy 
10 
Vcommand 
Gust 
Filter 
Gust 
Filter 
Vehicle 
V  (kts) 
Figure 1. Schematic Block Diagram of Automatic Speed Control System 
(Actuator Lags Are Not Shown) 
Figure 2. Generic  Survey  of  Speed Command  Loop 
where a, can be achieved w5th  power, flap, and nozzle changes. Note t h a t  
i n  l e v e l  f l i g h t ,  a l l  of the decelerat ion capabi l i ty  goes direct ly  into 
speed changes, whereas i n  descending f l igh t  (nega t ive  7)  the  maximum 
decelerat ion capabi l i ty  (negat ive e )  i s  decreased by  g7.  This i s  shown 
graphically in the generic sketch in Fig.  3. 
Figure 3 ind ica tes  tha t  improved performance can be obtained i f  the  
pilot-centered  requirements  are  ignored.  That i s ,  increased  deceleration 
capabi l i ty  can be achieved via large changes i n   t h r u s t  and p i t ch  a t t i t ude .  
The penalty i s  a s ignif icant  increase i n  p i l o t  workload and corresponding 
degradat ion in  pi lot  opinion.  The f'undamental tradeoff centers about the 
abil i ty to achieve an acceptable level of deceleration capabili ty at  glide 
slope intercept without incurring large variations in pitch att i tude and 
tkrust ;  and to  maximize, a s  much as possible under such constraints, the 
allowable speed for glide slope intercept,  Vgs. The f i n a l  compromise does 
t h i s  f o r  nominal winds ( less  than  25 k t ) .  However, in the presence of a 
tai lwind, 7 i s  increased, and the margin i s  reduced to  the  po in t  where 
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Figure 3. Effect  of  Glide  Path  Angle  on  Deceleration  Capability 
the  aircraft will not  decelerate  belaw  Vgs  on  the  glide  path.  A  practical 
solution  is  then to intercept  the  glide  slope  at  a  lower  speed  when  this 
condition  exists. 
Attempts  to  maximize  the  deceleration  characteristics  via  nozzle  angle 
and  thrust  magnitude  indicated  that  the  resulting  performance  is  fairly 
insensitive  to  the  optimal  combination.  That  is,  going from high  parer 
settings  and low nozzle  angles to  low  power  settings  and  high  nozzle  angles 
does  not  have a drastic  effect  on  the maximum deceleration  capability. 
Nevertheless,  since  the  total  deceleration  capability  is  limited,  some 
time was spent  maximizing  nozzle  effectiveness. 
In  addition,  the  angle of attack was kept  to  a  minimum  value  consistent 
with  reasonable  values of pitch  attitude  and  power  settings.  This  resulted 
in  a  trim  angle of attack  on  the  glide  slope f 3 deg.  The  additional  lift 
required for curved  path  tracking  resulted  in an atrim of 5 deg.  Abuses of 
the  system  which  positioned  the  aircraft  below  the  curved  ILS  course  occa- 
sioned  angles of attack  as  high  as 8 deg,  considered  marginal  but  still  in 
the  acceptable  range. 
The  nozzle,  flap,  and  throttle  trim  curves  which  resulted  from  the  above 
considerations  are  given  in  Fig.  4a  and  the  resulting  trim  angle  of  attack 
For o x =  y = O  For or  =O ; ' y  =-7.5O 
ao fir,..", ,,-&.:-I- -I":- 1 
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Figure &a. Nozzle,  Flap,  and Throt t le  T r i m  Functions 
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Figure 4b. T r i m  Angle of Attack and Pitch Atti tude 
and p i t c h  a t t i t u d e  i s  shown i n  Fig. kb. The dashed l i n e s  i n  Fig. ha repre- 
sent the ideal nozzle trim schedule required for perfect trim a t   a l l  speeds. 
However, since the nozzles are driven by the flap (flap-to-nozzle crossfeed),  
no nozzle motion i s  possible when the  f l ap  r a t e  i s  zero - hence the depar- 
tu re  between the actual and ideal nozzle trim schedules.  This results in 
some small speed standoffs (order of 5 k t )  a t  speeds above 1 2 0  k t  and has 
v i r t u a l l y  no effect  a t  speeds below 1 2 0  kt .  
The f i n a l  pilot-centered consideration involves frequency separation of 
controls (see Section 11). Given a two-control task, the control effects 
should be decoupled and separated so that responses to the primary control 
occur a t  a much higher frequency than those t o  t h e  secondary control. For 
speeds above 80 k t ,  a l t i t ude  con t ro l  is  accomplished with pitch attitude, 
making elevator the primary control ( the aircraft  is  inherently on the "front 
side'' of the thrust-required curve). Accordingly, the throttle trim function 
was designed t o  be relatively inactive with only two discrete  changes, one 
a t  130 k t  and the other a t  glide slope intercept.  Below 80 kt,  the control 
s t ra tegy i s  reversed and t h r o t t l e  becomes the primary regulatory control of 
alt i tude and/or glide slope.  The trim p i t c h  a t t i t u d e  is  therefore a con- 
s tan t  below 80 kt .  The longitudinal f l ight director contains switching 
log ic  tha t  changes the altitudelglide path feedback from the pi tch bar  t o  
the  th ro t t l e  bug a t  80 k t .  
C. PILOTRE TECHNIQUE 
As  noted above, the nozzle and flap controls are automatic and therefore 
not used by the  p i lo t  when the system i s  engaged. Speed changes a re  accom- 
plished by slewing a speed comand bug to  the desired indicated airspeed and 
then keeping the pitch bar and t h r o t t l e  command bugs centered during the 
deceleration. If the  a i r c ra f t  is i n  t h e  a l t i tude  hold  mode, the pitch bar 
i s  the primary (most active) display until  the aircraft  decelerates below 
80 k t  a t  which time the   t h ro t t l e  bug becomes primary and the pitch bar 
simply comands a reference at t i tude of about -2 deg. The  same i s  t r u e  i n  
the ILS mode except the pilot  must not intercept the 7.5 deg glide slope a t  
a speed above 90 kt to insure adequate deceleration capabili ty on the gl ide 
s l o p e   f o r   a l l  wind conditions. 
SECTION IV 
LONGITUDINAL FLIGHT DlRECTOR 
The longi tudina l  f l igh t  d i rec tor  system has been t a i l o r e d   t o   b e  com- 
pat ible  with the configurat ion management system in Sect ion I11 and with 
cer ta in  f l ight  path response character is t ics  of  the example airplane (Aug- 
mentor Wing powered-lift STOL). The longitudinal director system provides 
both column and t h r o t t l e  commands throughout the entire approach from 140 k t  
l e v e l  f l i g h t  down t o  60 k t  on the gl ide s lope.  The various phases of t he  
approach t h a t   t h e   d i r e c t o r  must be designed for therefore include the fol- 
lowing s i tua t ions :  
1 .  Altitude  hold (7 = 0)  
2. Conversion t o  STOL ( y  = 0 )  
3 .  Glide  slope  capture (7  = -7 .5O)  
4. Deceleration to final approach speed while maintaining 
gl ide s lope (7 = - 7 . 5 O )  
A. AU-ED AIRCRAFT CHARACTERISTICS 
In  i t s  present design, the aircraft augmentation consists of a speed 
control  system u t i l i z i n g  an airspeed to hot thrust  vector angle (nozzle) 
feedback for closed-loop control and a r a t e  command at t i tude hold pi tch 
SAS . 
The s teady-state  f l ight  pathlairspeed character is t ics  for  the Augmentor 
Wing a re  shown i n  Fig. 5 f o r  a thrust vector angle of 90 deg and an approach 
f l ap  se t t i ng  o f  65 deg. A s  i s  typical of powered-lift STOL's, t he  a i r c ra r t  
i n  Fig. 5 i s  trimmed wel l  on the  back s ide  ( a y / a V  pos i t i ve )  a t  t he  approach 
f l ight  condi t ion.  
The autospeed system i n  Fig. 1 tends t o  g ive  the  a i rc raf t  cer ta in  f ront -  
s ide character is t ics ,  e .g . ,  p i tching up r e s u l t s  i n  a decreased steady-state 
f l ight  path angle .  However, i f  the nozzle authority limits are  exceeded or 
i f  the speed SAS fails ,  t he  a i r c ra f t  cha rac t e r i s t i c s  r e tu rn  to  those  in  
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Figure 5.  y-V Characterist ics of the Augmentor Wing 
Powered-Lift STOL 
Fig. 5. Speed control systems on powered-lift STOL's are generally of 
l imited authority because auxiliary control surfaces are required to pro- 
duce the necessary longitudinal acceleration (thrust i s  nearly perpendicular 
t o  the  f l i gh t  pa th ) .  
B. DESIGN ANALYSIS CONSIDERATIONS AND PROCEDURES 
Two f'undamental system concepts may be considered for  f l ight  path con- 
t r o l .  The  more conventional of these i s  t o  mechanize the "backside" control 
technique into the flight director system, that is, to  control  gl ide s lope 
errors  via  a power command bug on the   f l i gh t   d i r ec to r  and airspeed errors  
v i a  t he  p i t ch  a t t i t ude  command bar. An alternate concept i s  t o  feed back 
angle of a t tack  to  thro t t le  to  insure  f ronts ide  opera t ion  (e .g . ,  force  e 
and y t o  t r a c k )  and to  cont ro l  g l ide  s lope  e r rors  v ia  the  f l igh t  d i rec tor  
p i t c h  command bar. The control  authori ty  of  this  system i s  very large 
because the engine thrust i s  used as the primary feedback (a - 6 ~ ) .  This 
la t ter  concept is  at t ract ive because it involves a s ingle  command b a r  f o r  
longi tudinal  control  and therefore inherently low workload. The former 
concept is  simpler t o  mechanize and has the advantage of being a more d i rec t  
approach (backside control technique for a backside airplane). Hence, the 
t radeoff  a t  the  outse t  i s  one of p i l o t  workload  vs.  system  complexity. It 
was decided t o  use the f i r s t  concept (glide slope conjzol with power com- 
mand bug) because it represents a simpler mechanization and no change i n  
pilot  technique i s  required i n  the event of a SAS fa i lure .  The basic design 
goal i n  t h i s  concept i s  t o  minimize the complexity of the f"-time automatic 
feedbacks (SAS) while keeping pilot workload a t  an acceptable level. Key 
design considerations for this concept are summarized below: 
0 P i l o t  workload is  of  primary  importance,  i.e.,  increased 
requirements for frequency separation of controls and 
non-interaction between the two longi tudina l  f l igh t  
d i r ec to r  commands. 
0 Flight path control i s  v ia  the  p i tch  command bar during 
frontside operation and the power command bug during back- 
side operation. Blending between these modes of operation 
must be smooth and s t i l l  supply adequate cues t o   a l e r t   t h e  
p i l o t  t o  t h e  change i n  commanded control technique. 
0 Saturation  of  the  speed  control  system  (thrust  vector 
angle l imiting) must not result  in dangerous ' f l ight con- 
di t ions.  
0 The f l i g h t  d i r e c t o r  commands must be compatible  with  the 
configuration management program (shown i n  Fig. 4 ) .  
A s  discussed in Section I11 the configuration management  scheme incor- 
porates a full-time speed SAS which i s  mechanized by feeding airspeed to 
the hot thrust  vector angle (nozzle).  Hence, the requirement for airspeed 
control i s  e f f ec t ive ly  removed from the  f l i gh t  d i r ec to r  and al located as a 
SAS function. This has the very desirable effect of making the longitudinal 
f l igh t  d i rec tor  a  s ing le  command display and resolves many of t he  p i lo t  
workload problems noted above. 
Because of the relatively\ high gain required for effective speed control 
(IO deg of 6,  per kt of airspeed error,  see Section 111), thrust vector angle 
l imit ing i s  a r e l a t i v e l y  common event. Therefore, an airspeed feedback t o  
the  f l i gh t  d i r ec to r  p i t ch  command bar i s  included to allow speed control 
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during periods of autospeed system saturation. This also serves to remove 
the requirement for redundancy i n  the airspeed SAS. The e f fec t  o f  p i tch  
command bar motions during intermittent periods of autospeed system satura- 
t i o n  was not found t o  be objec t ionable   to   the   p i lo t s .  
The above discussion i s  primarily oriented toward the most demanding of 
the system requirements - glide slope tracking a t  STOL approach speeds well 
on the back side of the power-required curve. Other flight director f'unc- 
tions occur a t  higher speeds where t h e   a i r c r a f t  is  well  on the front  s ide 
(ay/aV negative). These are  a l t i tude hold,  conversion to  STOL from the 
cruise configuration, glide slope capture,  and init ial  glide slope tracking. 
Fl ight  path errors  are  fed back t o   t h e  column d i rec tor  in  these  modes to  t ake  
advantage of the inherent frontside characteristics. From Fig. 4a it can be 
seen that only two trim th ro t t l e  pos i t i ons  a re  employed f o r  speeds below 80 kt  
(12 percent power and 20.6 percent power). This  was done intent ional ly  when 
developing the configuration management program to   i n su re   t ha t   t he   p i lo t -  
centered requirement for separation of controls would be met. That i s ,  the 
column d i r ec to r  (p i t ch  ba r )  i s  primary for fl ight path control,  and the 
t h r o t t l e  d i r e c t o r  i s  secondary and serves only as a trim thrus t  command. 
The t r a n s i t i o n  from fronts ide control  to  backside control  i s  based on 
the slope of the constant power l i n e s  i n  Fig. 5 .  For the example a i r c r a f t  
shown i n  Fig. 5 the inflection point i s  seen t o  vary from 70 t o  75 kt.  It 
was therefore decided to use 80 k t  as the  f l igh t  pa th  cont ro l  t rans i t ion  
speed so tha t  the  column d i r ec to r  i s  primary a t  speeds above 80 k t  and the 
t h r o t t l e  d i r e c t o r  i s  primary a t  lower speeds. 
A summary of considerations for selection of feedbacks to the longitudi- 
n a l  f l i g h t  d i r e c t o r  i s  given in Table 2. Considerations for shaping and 
blending of the feedbacks i n  Table 2 are discussed in the following sub- 
section. 
The analyt ical  design procedure ut i l ized to  set  the final system gains 
and feedback transfer f'unctions was formulated t o  satisfy the requirements 
spec i f ied  in  Sec t ion  11. These procedures are described below. 
TABLE 2. CONSIDEEATIONS FOR SELECTION  OF  LONGITUDINAL SYSTEM FEEDBACKS 
T T PIIL)T CENTERED RF.QUjX?DEWTS I FEEGBACKS PRIMARY REQUIREMENT ~- ."___ _ _ _ _  ~ 
Command bar 
consistency 
COMMENTS 
- 
Mid-frequency f l i g h t  
director motions 
should look l i k e  
pi tch  a t t i tude 
CO"!INTS 
- - "_L 
Must be washed out to 
avoid standoff between 
e and d. 
P R W Y  REQUIREMEN' 
" __ 
att i tude  regula- 
Short period 
t ion  
Pitch  Attitude, 
e - FD, 
___"___ 
Need to lag a t  high 
frequency t o  avoid a 
busy display 
. " ___ 
Minimum p i l o  
compensation 
R e m n a n t  SUP- 
pression 
Response 
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1.' Column Flight Director for Frontside 
Control (Vm > 80 kt) 
From Table 2 the basic requirements for the column f l igh t  d i r ec to r  (FD,) 
are  seen to  involve feedback of  pi tch at t i tude and a t t i t ude   r a t e   fo r   sho r t -  
period regulation and beam deviat ion  plus   deviat ion  ra te   for  low- t o  mid- 
frequency path control. This i s  shown i n  block diagram form i n  Fig. 6. 
A key objective of the parameter adjustment analysis i s  to  in su re  tha t  
the shape of the frequency response of the effect ive control led element 
(airplane plus f l i g h t  d i r e c t o r )  t o  colurnn inputs i s  K/s-like ( 4 0  dB/dec 
s lope)  in  the pi loted crossover  region.  This  a l lows the pi lot ' s  equal iza-  
tion requirements to be minimal as discussed in Section 11. The t ransfer  
function which descr ibes  the f l ight  director  response t o  column inputs  for  
the system shown i n  Fig. 6 i s  given as: 
where Nsc/A and N8c/A are   the   a t t i tude  and beam rate  t ransfer  funct ions 
with the rate  command and speed SAS loop closed. The shape of  t he  f l i gh t  
0 d 
I I '  1 1  
Figure 6. Basic Structure of Column Flight Director 
for Frontside Control 
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d i r e c t o r   t o  column frequency response depends on the zeros  that  result 
from summing the  two terms i n  Eq. 1. This requires some f a i r l y  formid- 
able algebra,  making physical interpretation of feedback gain variations 
nearly impossible. A very good approximation t o  FDc/cc can be obtained by 
ignoring the lags on the gl ide s lope and pitch rate feedback ( T L ~  and T L ~ )  
ana by noting that the augmented p i t ch  a t t i t ude  and beam r a t e   t o  column 
transfer functions may be approximated as follows. 
The first of these expressions assumes tha t  t he  r a t e  command/attitude hold 
system i s  idea l  ( i .e . ,  denominator poles are driven close to,  and cancelled 
by,  numerator zeros) in the region of piloted crossover.  The second expres- 
sion assumes that speed i s  being controlled perfectly.  Under this  condi t ion 
the  beam rate  response to  column i s  genera l ly  f i r s t -order  wi th  a path mode 
time constant given by the  a t t i t ude  numerator zero, 1/T02, as modified by 
the closures (double prime in Eq. 3 denotes that two loops - r a t e  c o m n d  
and speed - have been closed). The complete transfer f 'unctions for 816, 
and d/Sc with the two loops closed are given i n  Appendix B. Cancellation 
of poles and zeros which are reasonably close and elimination of high- 
frequency (above 5 rad/sec) roots can be seen t o  r e s u l t  i n  t h e  forms of 
Eqs. 2 and 3. Having made the above  approximations, Eq. 1 may be p u t  i n  
root locus form to  a l low se t t ing  of  the  FDc/?jc zeros via graphical (root 
locus) factoring techniques: 
22 
0 
A system survey which shows the  e f fec t  o f  ga in  (G/Ki)) variat ions i s  given 
i n  Fig. 7. The location of the result ing four closed-loop roots gives the 
zeros of FDC/6, and hence the following generic expression. 
The approximate and exact FD,/SC transfer  funct ions for  K d K i  = 0.025 a r e  
compared in Fig. 8. The  Bode amplitudes are seen t o  agree very w e l l ,  which 
i s  consis tent  with the analysis  object ive - t o  make FDc/sc a K / s  i n   t h e  
region of crossover. The lack of phase agreement a t  higher frequencies i s  
due t o  a c t u a l  system lags and i s  not important for our purposes. 
Based on the root locus factoring in Fig.  7 and the generic form i l l u s -  
t r a t e d  by Eq. 5 and Fig. 8, the  se lec t ion  c r i te r ia  for  system feedback gains 
and time constants may be summarized as follows. 
0 should be s e t   s l i g h t l y  below l /Tgg t o  maximize the 
region of K / s .  Values  of qD > 1 /Te w i l l  r e s u l t  i n  a 
region of K / s 3  which i s  undesirable,%oth from a p i lo t -  
ceniered and a guidance and control standpoint. Since 
l /Te  is  proportional to speed (see Ref. 10) 
a lso%e proport ional  to  speed to  keep C D F ~ ,  4 { l B 2 y t  
From Fig. 7 it can be seen  tha t  the  Kd/K;z r a t i o   i n  con- 
junction with l/Two s e t s  qD. In the  present  f l igh t  
director design, K;i i s  mu l t ip l i ed  by V,/V t o  allow UFD 
t o   t r a c k  1/Tg2 as a f'unction of speed. 
The f l igh t  d i rec tor  zero  ~ / T F Q  must cancel 1/T:2 t o  
preserve the K / s  shape in  the region of  pi loted cross-  
over. F r m  t h e  Bode root  locus in  Fig.  7 th i s  cor re-  
sponds t o  keeping K&/Ki, a s  low as pract ical  with the 
cons t ra in t  tha t  (FD must be some  minimum value (on the 
order  of 0.4). 
Figure 7. System Survey f o r  Determination of Zeros of FDc/& 
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Figure 8. Exact and Approximate Solutions for C o I m  Flight Director a t  90 kt  
0 The approximate FDC/$, transfer f’unction becomes a pure 
gain a t  high frequencies above 1 /Tm2 (see Fig. 8) , which 
is approximately equal t o  K e / K b  (see Flg. 7) .  Therefore, 
Ke/K& should be s e t   t o   c a n c e l  system lags which occur a t  
the  upper end of the frequency range of interest, thereby 
tending t o  extend the  K / s  region. Setting Ke/Ki) too low 
tends t o  f la t ten  the  FDC/6, response (slope less than K / s )  
i n  the region of crossover, making the director look very 
busy due to  ampl i f i ca t ion  o f  p i lo t  remnant (see R e f .  7 ) .  
The shape of FDC/6, i s  determined, as above, by specifying ratios of 
the  feedback  gains (K&& K e / K i ,  G/Ki). The magnitude  of t h e  f l i g h t  
director response i n  the frequency region near piloted crossover is  set  by 
KG t o   s a t i s f y   t h e  command bar consistency requirement noted in Table 2. 
That is ,  the  p i tch  command bar  should  look  l ike  a t t i tude  a t  a t t i tude  regu- 
lat ion frequencies.  As an i n i t i a l  estimate, Ke was set  t o  .254 cm (0.1 in . )  
of FDc per degree of p i t ch  a t t i t ude  [(Ke = 14.48 cm)(5.7 in . / rad)] ,  which is  
reasonably close t o  t h e  s c a l i n g  on most a t t i t u d e  gyro displays.  This was 
fine-tuned during the piloted simulation by varying the f l ight  director  dis- 
play gain, KFD, according t o  p i l o t  commentary. The f i n a l  s e t t i n g  was 
KFD = 0.75, which turned out  to  be the actual  scal ing of  the at t i tude gyro 
used [ (0.273 deg/cm) (0.7 deg/in. ) ]  . Once KO i s  specified then each of the  
individual feedback gains may be computed from the rat ios  obtained above. 
It was found during the s imulat ion that  the pi lots  were qui te  sens i t ive  
to  the  va lue  of  Ki). With Q = 0 they complained tha t  t he  d i r ec to r  seemed 
too sluggish; conversely, excessive values of Ki, e l i c i t e d  comments r e l a t ing  
t o  a busy display. The effect  of  Ki) on FDC/6, i s  shown i n  Fig. 9. These 
r e su l t s  imply t h a t  t h e  p i l o t s  l i k e  t o  see a K/s response out t o  about 3 rad/ 
s ec  fo r  t he  column f l igh t  d i r ec to r .  
2. Column Flight  Director During Bsckside 
Operation (VIAS 5 79 kt ) 
The column director plays a secondary role during operation i n  the back- 
s ide  mode and simply commands constant  a t t i tude.  (The  washout c i r cu i t  i n  F ig .  6 
i s  removed from the att i tude feedback.)  A low-gain airspeed feedback is  
also included in the column f l igh t  d i rec tor .  The purpose of t h i s  feedback 
i s  t o  provide a coarse speed control function during periods of speed SAS 
sa tura t ion  and to  r egu la t e  speed in the event of a speed SAS fa i lure .  Note 
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Figure 9. Effect of Ki, on FDC/6, 
t h a t   t h i s  feedback e f f ec t ive ly  does not e x i s t  as long as the speed SAS i s  
working t o  keep u = 0. A simplified block diagram il lustrating the column 
f l igh t  d i r ec to r  loop structure for backside operation i s  shown i n  Fig. 10. 
It should be emphasized a t  th i s  po in t  that with the speed SAS operating, 
the column d i rec tor  w i l l  not be moving except t o  command an occasional 
change i n  trim pi tch  a t t i tude  per  the  conf igura t ion  management schedule i n  
Fig. 4. Consequently, the pilot will not be devoting  any  workload at ten-  
t i o n  t o  t h e  column director.  This i s  a key aspect of the overall system 
design i n  that it provides for the satisfaction of the pilot-centered 
requirement for frequency separation of controls (see Section 11). Attempts 
t o  use the f l ight  director  for  speed control  (speed SAS off  and increased 
Ku) were found t o  be unacceptable to  the  p i lo t s  because  of the  extreme work- 
load required to keep three active needles centered, and because the column 
d i rec tor  dynamics degrade with large values of Ku. The e f f e c t  of airspeed 
feedback on t h e  column director  is  i l lustrated in  the fol lowing paragraph.  
r To Speed SAS ( Fig. I 1 ' Trim 8 From 
Confiwration  Mana 
i L 
gement 
cqTH Augmented Airplan  I ," 
\ 
Washout 
K e  
Figure 10. Column Flight  Director  for  Backside 
Operation ( vmS 79 k t  ) 
The effect ive control led element of the column f l igh t  d i rec tor  wi th  
the speed feedback included is: 
The airspeed feedback gain, Ku, was se t  t o  ach ieve  a steady state speed t o  
a t t i t u d e  r a t i o  of 3 [Ku = O.I/(AUSS/A€J~,)  = .1/3 = .033 in./kt] .  Using the 
same values of T T ~ ~ ,  Ke, and KG as   for   f ron ts ide   cont ro l   resu l t s   in   the  
frequency characterist ics in Fig.  1 1 .  Here it i s  shown that the response 
without airspeed feedback i s  K/s out t o  3 rad/sec and t h a t  t h e  e f f e c t  of t h e  
airspeed feedback i s  a region of K/s2 with an associated phase droop a t  low 
t o  mid frequency. This effect only appears intermittently (during speed SAS 
saturat ione and was not found t o  be objectionable by the pilots) .  
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Figure 11. Comparison of  Column Flight Director Response With and Without 
Airspeed Feedback - Backside Mode 
3. Throttle Flight Director for Backeide 
Control (VIAS 79 kt) 
mom Table 2 the basic requirements for the thrott le f l ight director 
(m) are seen t o  involve feedback of engine rpm f o r  mid-frequency regula- 
t i o n  and beam deviation plus deviation rate for path mode control. This 
i s  shown i n  block diagram form i n  Fig. 12. A s  with the column director,  a 
key objective of the parameter adjustment analysis i s  to  insure that  the 
shape of the frequency response of the effective controlled element i s  K/s  
i n  the region of piloted crossover. The transfer function which describes 
the  f l igh t  d i rec tor  response  to  thro t t le  inputs  for  the  system i n  Fig. 12 
i s  given as: 
Figure  12.  Basic  Structure  of  Throttle  Flight 
Director  for  Backside Control 
"_ 
*ere NsT/A is  the beam deviation to engine rpn response with the rate 
commsnd/attitude hold p i t c h  SAS and speed SAS loops closed. A very good 
approximation fo r  t h i s  t r ans fe r  fbnc t ion  i s  given as: 
d 
The shape of  the f l ight  director  to  throt t le  f requency response depends on 
the zeros which resu l t  from summing the two terms i n  Eq. 7. Proceeding 
in  the  same manner as with the column director ,  Eq. 7 i s  put into root 
locus form for  factor ing as follows: 
The generic  character is t ics  of  the root  locus factor ing via  the above expres- 
sion i s  shown i n  Fig. 13. The l i te ra l  express ion  for  the  fac tored  FDT/ST 
transfer f 'unction i s  obtained from Eq. 9 and Fig. 13 as: 
The primary objective i n  set t ing the zeros  of F @ / ~ T   i n  Fig. 13 is  t o  make 
Eq. 10 K/s  over a broad region around piloted crossover. Requirements on 
the feedback gains and time constants t o  accomplish th i s  ob jec t ive  may be 
inferred from Fig. 13 and Eq. 10 a s  f o l l o w .  
0 Set 1 /Two and l/Tdl approximately equal t o  1 /Tg, so that 4; nearly cancels 1 / T ~ ~  and I /T:* i n  Eq. I O .  
0 Make Q/QT large  enough to  d r ive  a in to  the  v ic in i ty  
of  the  pair  of  zeros , 1 /Two and 1 /Tal. 
Prime Designations 
Two Primes 3 
Three Primes 3 
I 
w .  
Iu + Designates closed loop root 
where - = 2.0 K i  
KaT . . .  . .  
\ ' c c \  
r 
t 
I 
0 An upper bound  on i s  set by the  r quirement 
t o  keep 1 /T& i n  the  v i c in i ty  o f  1 /re. Values of 
1 /T& z l /Te  r e s u l t   i n  a K / s 2  Bode asymptote between 
1 /Te and 1 /T& i n  the F + / ~ T  response. 
0 Factor [s2 + ( 1  /TLa)s -f ( Q / K ; Z ) (  l /TLa)] so t ha t  t he  
1 /Tal root i s  near 1 /Two (as previously discussed) 
and the  1/Td root i s  above the region of crossover 
(FDT/ST i s  K,?s2 above 1 /Td2 when 1 /Td2 is  low). This 
bas ica l ly  se t s  the  lower  lun i t  on I / T L ~ .  
The resul t  obtained by se t t ing  the  ga ins  and time constants for the example 
airplane based on the  above requirements i s  shown in Fig.  ?4. 
The ac tua l  development o f  t he  th ro t t l e  f l i gh t  d i r ec to r  evolved in  seve ra l  
stages,  result ing in the design philosophy discussed above. However, it was 
i n i t i a l l y  thought that the overriding requirement would be t o  keep the effec- 
t ive controlled element essentially constant across the transit ion from front-  
s ide control  to  backside control .  Since the throt t le  director  served as a 
trim th rus t  cormnand during frontside operation (and therefore a pure gain 
effective controlled element) it was f e l t  t ha t  t he  e f f ec t ive  con t ro l l ed  e l e -  
ment should  be a pure gain for backside control. The i n i t i a l  design (Ref. 1 1 )  
r e f l e c t s  t h i s  approach. Piloted evaluations were actually reasonably good 
during the Ref. 1 1  study, indicating that a pure gain throt t le  director  i s  
not  unacceptable. Based on the R e f .  1 1  r e s u l t s ,  t h i s  concept was u t i l i z e d  
i n  a subsequent generic STOL handling study (Ref. 12) which involved exten- 
sive evaluation by fou r  p i lo t s  on several  different powered-lif t  STOL con- 
f igura t ions .  P i lo t  commentary during this study tended to support some 
offhanded comments during the Ref. 11  evaluations, e.g., that the pure gain 
t h r o t t l e  d i r e c t o r  l e f t  something t o  be desired.  Specifically,  the pilots 
noticed that the director could be centered inmediately but that it would 
invariably "drift off," requiring constant power corrections.  A t h r o t t l e  
f l i g h t   d i r e c t o r  having an effective controlled element with a K / s  shape was 
designed and implemented with considerable improvement noted by the  p i lo t s .  
The K / s  shape i n   t h i s   d i r e c t o r  was achieved by eliminating the engine rpm 
feedback. This resulted in a K/s shape, but only out t o  t h e  engine lag fre- 
quency, r e s u l t i n g  i n  a bandwidth limited display. This deficiency 
i n   t h e   p i l o t  commentary which indicated that  the director  seemed a 
sluggish. The present  th ro t t le  d i rec tor  des ign  (F ig .  14) u t i l i z e s  
was noted 
l i t t l e  
engine 
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Figure 14. Effective Controlled Element for Thrott le Flight Director a t  
60 k t  on a -7.5 deg Glide Slope 
rpm feedback t o  extend the region of K/s  past the engine lag frequency. 
Both simulator and flight evaluations of th i s  d i rec tor  have r e su l t ed  in  
excellent pilot  acceptance.  
D. FLIGITT DlRECTOR LOGIC FUNCTIONS 
1.  Column Flight Director 
The block diagram and backside/frontside switching logic for the final 
version of the column f l igh t  d i rec tor  a re  g iven  i n  Fig. 15. 
The M functions i n  Fig. 15 serve t o  t r a n s f e r  t h e  column director  from 
a f l ight  path angle  control  with pi tch at t i tude technique at  VIAS > 80 k t  
t o  a "constant  at t i tude mode" a t  V m  79 kt. In  the  present mechaniza- 
t ion,  the M flmction i s  essent ia l ly  a switch since the blending occurs over 
only one knot. This is  a result of simulation which showed that blending 
over a wider speed range to  avoid  f l igh t  d i rec tor  d i scont inui t ies  a t  the 
switch point was not necessary. The "constant att i tude mode" contains some 
airspeed error feedback to help the automatic speed control system during 
backside operation. A f10 k t  l imi t e r  i s  used on t h i s  feedback t o  keep a t t i -  
tude excursions a t  or  below ?3 deg from trim. The V s e l e c t  input used to form 
the speed error is  lagged to avoid a pitchup comand when a lower speed i s  
selected during backside operation. 
The N function, in conjunction with the timer, T ,  and the latching switch 
(ISW) fades out the alt i tude hold signal as a function of beam deviation and 
blends in  the  g l ide  s lope  t racking  c i rcu i t s  as  a l inear  func t ion  of time. 
T has a value of unity for a l l  times greater than 15 sec past glide slope 
capture  in i t ia te  [d  < 30 m (100) f t ]  and is r e s e t  t o  zero when any mode 
except glide slope track is  engaged. 
The al t i tude hold mode i s  designed to  main ta in  the  a l t i tude  ex is t ing  a t  
mode engagement, t h a t  i s ,  t h e  c i r c u i t  i n  Fig. 15 outputs  zero  a l t i tude  e r ror  
u n t i l  a l t i t u d e  h o l d  i s  engaged. 
An a t t i t ude  l imi t e r  (F ig .  15, Inser t  1 ) i s  included i n  the mechanization 
to protect against  large att i tude excursions about tr im which might occur i f  
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Figure 1.5. Complete Column Flight Director 
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large displacements from the commanded pa tboccur .  The l imi te r  va lues  a re  
changed a t  1- k t   t o  account f o r   t h e  moderate change i n  trim p i t c h   a t t i t u d e  
which occurs a t  t h a t  speed (see Fig. 4b). Once the speed goes below 79 k t  
t he  l imi t e r  is- removed from the  f l igh t  d i rec tor  v ia  the  ( 1  - M )  c i r c u i t .  
The f lap funct ion fe(6F)  i s  an open-loop 4 deg p i t ch  down  command con- 
s i s ten t  &th  the  change in  t r im  p i t ch  a t t i t ude  (from 6 deg t o  2 deg) as  the 
a i r c r a f t  i s  slowed  from 1- k t  t o  1 x) k t  ( see  Fig. 4b). Similarly, the econ 
and obias inputs sum to give the appropriate trim p i t c h  a t t i t u d e s  f o r  con- 
s t an t  a l t i t ude  and gl ide path t racking a t  speeds below 80 kt  (M = 1 ) .  
2. Throttle Flight Director 
The block diagram and backside/frontside switching logic for the throttle 
f l ight director are given in Fig.  16. The M f inc t ions  in  the  thro t t le  d i rec tor  
are  configured to  command t r i m  th rus t  a t  speeds above 80 k t  and a l t i t u d e /  
glide path control below 79 kt (backside).  
T h r u s t  i s  measured and fed back via engine rpm. It should be noted that 
a l l  o f   t he   i n i t i a l  system design and simulation was accomplished using power 
lever angle position feedback. However, the final simulation included recent 
data on thro t t le  hys te res i s  e f fec ts  which proved t o  be bothersome on the 
f l igh t  d i rec tor  d i sp lay .  
The maxhnm rpm l imi te r  i s  inc luded  to  e l imina te  the  poss ib i l i ty  of 
commanding more than m a x i m u m  continuous rated thrust (96 percent rpm  on the 
example aircraft)  while using the backside control technique (M = 1 ). 
An angle-of-attack protection feedback i s  included in  the thrust  director  
t o  minimize the   poss ib i l i t y  of ge t t i ng   i n to  a dangerously high angle-of- 
attack situation. This feedback i s  summed downstream of the r p m  l imi te r  
and therefore may  command 100 percent power i f  necessary. 
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( P e r c e n t )  
M = 0 VIAS > 80 kt 
M = 1 VIAS < 79 kt 
(See Figure 4, Insert 3) 
Figure 16. Block Diagram for Thrust Flight Director 
SECTION V 
LATERAL FLIGHT DIRECTOR 
Two competing l a t e r a l   f l i g h t   d i r e c t o r  systems evolved from t h e   d e s i g  
e f for t .  This section covers the details  of the pi lot /vehicle  analysis  
procedures f o r  each of the two competing systems. 
A. DESIGN ANALYSLS: PROCEDURE: 
A summsry of the effect  of the various feedbacks on the pi lot /vehicle  
system requirements is given i n  Table 3. Early in the analysis,  it v a s  
real ized that two basic design concepts shmred considerable 'promise. F i r s t ,  
curved path tracking can be achieved by feeding folvrard cer ta in   t ra jectory-  
dependent parameters. This was naned Flight Director A and represents a 
more conventional approach t o  t h e  problem. A second, less conventional, 
approach v a s  a l so  developed which u t i l i z e s  a washed-out bank angle feedback, 
thereby eliminating the need for trajectory-dependent feedfonrard signals. 
A generalized system for lateral  control i s  shown i n  Fig. 17. The block 
diagram i n  Fig. 17 is based on the assmptions that :  1 ) the beam i s  range 
compensated; 2) a l l  turns  are  coordinated;  and 3) loca l izer  no ise  is zero. 
1 .  Eynamic Requirements 
The closed-loop system response t o  a course command (yc) ,  initial condi- 
t ion  of fse t ,  or a >rind disturbance a l l  depend on the characterist ic equation 
of the closed-loop system vrhich i s  given as: 
Closure of the fl ight director loop via Yp (human or automatic p i lo t )   d r ives  
the system poles into the fl ight director zeros,  e,. These, i n  turn,  are 
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Figure 17. General Block Diagram for Lateral  F l i g h t  Director 
Generically, the dcminant roots of the  augmented airplane consist  of a roll 
subsidence mode and a spiral mode a t  (or near)  the or igin.  The apen-loop 
t ransfer  funct ion which defines the effective controlled element of the 
f l ight  director  t o  wheel response is obtained from Fig. 17 and Eqs. 1 1  and 
12 as follows : 
41 
The generic root locus 2nd Bode (frequency) characterist ics which i l l u s t r a t e  
the  e f fec ts  of a t ~ p i c a l  p i l o t e d  c l o s u r e  of the  f l ight  director  loop a re  
given i n  Fig. 1 4 .  From Fig. 18 i t  can be seen that the character is t ic  modes 
of the closed-loop system my be optimized by adjust ing the numerator coeffi-  
cients  (feedback  transfer  functions! i n  Eq. 13. The folloking  guidance  and 
control requirements result d i r ec t ly  from these considerations. 
2. The numerator must be a t  l e a s t  a second order  a t  
frequencies riel1 below the roll mode (aJD .IC 1/T*) 
*. Among other  things,   this-implies C , , , r  for  system s t a b i l i t y  and t o  maximize the region of 
b. Heading feedback, G4,, and/or beam rate  feedback, G+: 
is necessary  for  system damping.  Note that, beam ' 
rate feedback implies d i f fe ren t ia t ion  of beam e r ro r ,  
YE ' 
c.  The frequency of the N E , ~  numerator  zeros (q) deter- 
mines the mzvimum achiemble bandwidth of the closed- 
loop system. A s  such, it must be large enowh t o  
allow good cornand following 2nd disturbance regu- 
l a t ion .  
FD 
-
i;. 
"'t \Path, Mode \\Closed Loop 5 1 
h u g  Spiral Mobe + 2 
Kinematic  Poles 
.r Locus of reo1 roots 
Locus of closed 
natural frequencies 
loop undomped 
Closures 
Figure 18. Generic System  Survey of  Pi loted o r  Automatic  System 
Closure of Lateral  Flight Director Loop 
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The underlined words refer  to  specif ic  requirements  l is ted in  Table  1 .  Note 
t h a t  Requirements a and c above are i n  c o n f l i c t  and involve a fundamental 
t radeoff  between command following/disturbance regulation and system sta- 
bil i ty.  
2. Steady-State Requirements 
The above analysis  lends cer ta in  insights  as to  the necessary form of  the 
feedbacks to  ob ta in  des i r ab le  system dynamic response. To complete the pic-  
tu re ,  we shall now consider the steady-state requirements. These r e l a t e  t o  
various levels of command following (straight and curved courses) and distur- 
bance regulat ion (wind and wind shear). This is  accomplished by writing the 
differential equation for the closed-loop system from the block diagram i n  
Fig. 17 i n  terms of the  beam e r r o r  yE and solving for the steady-state response 
t o  yc and vg by use of the final value theorem. The different ia l  equat ion i s  
given i n  Laplace transform style as: 
This equation i s  based on the assumption that the  f l i gh t  d i r ec to r  l oop  i s  
c losed t ight ly  SO t h a t  cp/Cpc 2 1/Gv and tha t  the  feedforward operator G i  = 0. 
Each of  the feedback transfer function blocks ( G I s )  may assume three 
possible forms in order to,comply with the requirements stated above. The 
f i rs t  has a f r e e  s i n   t h e  denominator, such as Gy = Ky + (KT) /s  = (Kys  +K~)/S; 
t he  second has a f r ee  s i n  t h e  numerator (e.g., G = s K  ); and the las t  repre-  
sen ts  jus t  a pure gain feedback. It can be assumed t h a t  Gp and Gq would not 
contain a denominator f r ee  s ( in tegra l  equal iza t ion)  s ince  th i s  could  force  a 
localizer standoff. Therefore, the practical guidance and control possibili- 
t i e s   f o r  a l l  t h ree  f l i gh t  d i r ec to r  feedbacks are constant o r  washed-out roll 
angle, constant or washed-out heading, and beam e r r o r  or beam er ror  p lus  in te -  
grated beam error .  Thus, 
cp cp 
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I I l l  I 
Gq = kq o r  skq 
G$ = ly, or s1”Jr 
Gy = ky o r  kF/s 
G$ = k+ 
Table 4 show the  magnitude of  the steady-state beam e r ro r  t o  th ree  
orders of beam  command, i . e  ., step, ramp, and parabola, and two wind inputs, 
i.e., constant crosswind and crosswind shear, as a function of various com- 
binations of feedback equalization. For example,  Line 3 shows that pure 
gain feedbacks of bank angle, heading, and local izer  deviat ion would produce 
TABLE 4 
STEADY-STATE  ERRORS 
1 
FEEDBACKS 
GY 
k- k + >  Y s  
kY 
ky + - 
S 
TO 
STEP 
BEAM 
STEADY STATE ERROR 
NOTE: skq,  skq represent washout equalization 
k; represents beam r a t e  
ky!s represents beam in tegra l  
TO STEP vg 
OR DUAL 
ANGLE  BEAM 
PATH  DAMPING 
WITH HEADING 
0 
0 
OFFSET 
0 
PATH  DAMPING 
d I T H  BEAM RATE 
0 
0 
0 
0 
0 
OFFSET 
m 
OFF SET 
0 
0 
OFFSET 
0 
No s represents a f i n i t e ,  non-zero gain a t  DC 
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no e r r o r   t o  a s t ep  beam command (such as would appear for engagement), a con- 
s t a n t   e r r o r   t o  a steady crosswind or  ramp change i n  beam angle, and an ever- 
increas ing  e r ror  to  a crosswind shear o r  curved path command.  By washing 
out the heading feedback (Line 2) there  is no s teady-s ta te  e r ror  to  a steady 
crosswind o r  ramp change i n  beam angle. T h i s  equalization i s  typ ica l ly  found 
i n  CTOL approach control systems. 
Since wind shear and curved path approaches are much more per t inent  t o  
STOL a i r c r a f t ,  t h e  more important conclusions t o  be drawn from Table 4 are 
as follows : 
a .  Without beam in tegra l ,  beam r a t e  ( ) , along  with 
washed-out roll angle (Line 5 )  is t e only set  that  
has zero path error t o  curved paths and wind shears. 
b. With beam in t eg ra l  it i s  not necessary t o  wash out 
ro l l  a t t i t ude  in  o rde r  t o  a s su re  ze ro  e r ro r  t o  curved 
paths and wind shears. 
While beam in tegra l  appears  a t t rac t ive  from a steady-state analysis stand- 
point,  the values of the integral  gain,  ky, t h a t  can be achieved without 
degrading the system stabil i ty results in a very long path mode response. 
Thus, the fact  that  the s teady-state  error  i s  mathematically zero i s  of 
l i t t l e  p r a c t i c a l  value. Two prac t ica l  a l te rna t ives  ex is t ;  one i s  t o  use 
washed-out bank angle and the other i s   t o  consider the addition of feedfor- 
ward commands. Both a l te rna t ives  were considered in the present design 
exercise,  FD A with a feedforward and FI) B with washed-out feedback. The 
characteristics of the feedforward required for the FD A concept are dis- 
cussed in the following subsection. 
3. Feedforward Guidance Commands (FD A )  
In essence, the guidance and control requirements for command following 
and d is turbance  regula t ion  in  the  la te ra l  f l igh t  d i rec tor  a re  sa t i s f ied  v ia  
the outer loop (crosstrack deviation). Other requirements, such as stability 
and damping, necessitate the use of inner loops which tend to complicate 
matters when following curved paths or regulating against wind and wind 
shear. In these situations the steady-state inner-loop feedbacks are not 
nominally zero, resulting in  s tandoffs  with the crosstrack error  s ignal ,  ye. 
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Consider   aga in   the .genera l ized   la te ra l   f l igh t   d i rec tor   b lock  diagram i n  
Fig. 17. If t h e  p i l o t s  keeps the  f l igh t  d i rec tor  centered  (FD, = 0), the  
control law which i s  au tomat ica l ly   sa t i s f ied  becomes: 
where Oc and IC are the feedforward guidance command va r i ab le s  to  be l a t e r  
defined. In the absence of feedforward guidance commands, the crosstrack 
deviation may be wr i t ten  as: 
Note tha t  t he  des i r ed  r e su l t  i s  always t o  make y, = 0 and t h a t   t h i s  will 
only occur i f  the  bank angle, cp, and heading, $, are nominally equal to 
zero when tracking the desired course.  This,  of course,  is  only true for 
s t r a igh t  pa ths  in  the  absence of crosswind and crosswind shear. Several 
ways of  get t ing around this  problem e x i s t .  One poss ib i l i t y  i s  t o  wash out 
cp and $ via  the  feedback  t ransfer  Mct ions ,  Gcp and G$. A second possi- 
b i l i t y  i s  t o  add a parallel i n t e g r a t o r  t o  Gy. This is  impract ical  for  
reasons previously discussed. Finally, we can develop feedforward guidance 
commands f o r  each of the feedback variables resulting in the following con- 
t r o l  l a w  (see Fig. 17): 
where Gfv = Gq and Gf,,, = GJI. The complexity of the command s ignals  will 
depend on the  shape of the desired course and the nature of t he  wind dis- 
turbance. 
Clearly, it i s  desirable  to  select  inner- loop feedbacks which minimize 
the complexity of the corresponding feedforward commands. Because of the 
rapidly changing heading during a turn and the  sens i t iv i ty  of  the  requi red  
heading t o  crosswinds, it i s  not  pract ical  to  use heading for  path damping 
on a curved path. The  same argument holds t rue  fo r  t he  l a t e ra l  cour se  
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angle, A. For this  reason,  crosstrack rate ,  $, has been selected to provide 
the primary path damping. Note t h a t  -j, is  nominally zero for a l l  paths and 
wind conditions and therefore does not require a feedforward command signal. 
The bank angle feedforward guidance command i s  based on nulling the 
crosstrack acceleration, x, f o r  a given turn radius,  Rc. These a re  r e l a t ed  
as follows: 
It follows that the command bank angle should be: 
The f l i g h t   d i r e c t o r  Eq. 16 now becomes: 
Elimination of standoffs in yE depend upon the following considerations: 
a.  Rc must  be the exact turn radius consistent with the 
error  s ignal ,  ye .  
b. Accurate  measurement of  ground  speed i s  necessary. 
c. Accurate measurement of bank angle i s  required. 
The bank angle command defined by Eq. x) only accounts for wind in  the  
sense that  ground speed changes i n  a turn.  The bank angle command for zero 
s teady-state  error  i n  the presence of wind and wind shear has been derived 
i n  Ref. 13 and i s  given as: 
-1 vGS 1 dVg 
2 
= t a n  - - - -
Reg g d t  
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where v i s  t h e  component of wind perpendicular  to  the airspeed vector .  
Expanding t h i s   i n t o   i n e r t i a l l y  fixed X and Y coordinates yields: 
g 
A sketch of the geometry defining the wind coordinates i s  given below. 
c 
This form of bank angle command is somewhat impractical  due to  the  requi re -  
ment for continuous measurement of wind and wind shear. Furthermore, simu- 
la tor  resul ts  for  curved path t racking in  the presence of  wind and wind shear 
indicated that  crosstrack errors  were negligible using the simplified Oc i n  
Eq. 21. 
4. Derived Beam Rate 
The prac t ica l   d i f f icu l t ies   assoc ia ted   wi th   us ing  beam ra t e   fo r   pa th  
damping involve considerations of beam noise. A convent ional  c i rcui t  for  
obtaining derived beam r a t e  ( 9 ~ )  from the  loca l i ze r  e r ro r  (y,) i s  shown i n  
Fig. 19. The t ransfer  func t ion  for  the  por t ion  of  the  f l igh t  d i rec tor  com- 
mand due t o  t h e  summation of beam e r ro r  and beam r a t e  ((pc, in  F ig .  19) i s  
given as: 
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Figure 19. Block Diagram of Circuit for Derived Beam Rate 
The derived beam ra te ,  $D, i s  given as: 
An indication of the beam noise  character is t ics  which w i l l  be seen on the 
f l i g h t  d i r e c t o r  can be obtained by consideration of nus values of (pc, f o r  a 
given power spectral  density function, O(w), of the local izer  s ignal .  A 
plot of the average power spectral  density of nine directional localizers 
was obta4ned i n  Ref. 1 2  and i s  given in Fig. 20. Using t h e  f i t  shown i n  
Fig. 23, the rms values of  cpc, may be computed given an rms localizer noise:  
w(rad/sec) 10.0 
Figure 20. Average Directional Localizer Power Spectral Density 
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and adjusting the gain, KL, appropriately. From Ref. 14 the mean-square 
values of localizer noise varied from 1.48pa t o  6.9&a over 12 loca l izers .  
Converting pa t o  degress of localizer error and picking 4pa as a represen- 
ta t ive value,  the rms loca l izer  e r ror  i s  given as 0.066 degrees.* The 
r e su l t i ng  rms f l igh t  d i rec tor  no ise  i s  given as a fhnction of beam r a t e  
f i l t e r  time constant, T, and range f'rom touchdown, Xdist, i n  Fig. 21. 
A s  would be expected, increasing the beam r a t e   f i l t e r  time constant 
reduces the f l ight  director  noise .  However, from Eq. 2f~ the derived beam 
r a t e  i s  res t r ic ted  to  f requencies  below 1/.r r e su l t i ng  in  dec reased  s t ab i l i t y  
a t  the path mode frequency, %, as I / T  approaches 9. While these  resu l t s  
a r e  f o r  a conventional localizer,  they are conservative in that the MLS 
systems are typically of a lower noise content. 
The  beam r a t e  n o i s e  f i l t e r  time constant was taken to  be 4 sec t o  minimize 
the beam noise input t o  t h e  f l i g h t  d i r e c t o r .  This r e su l t s  i n  e l imina t ion  o f  
derived beam rate  near  the path mode frequency ( 1 / ~  9) with a concomitant 
reduction in path mode damping t o  an unacceptable level (c,, = 0.08). Com- 
plementary f i l t e r i n g   t o   o b t a i n  "beam rate" at  frequencies greater than 117 
Hl,".+ b 
L" 
0 
t u 
" 
F 
n 
Glide Slope Intercept 
= 3505m (11500ft) 
I 
Decision Height = 610m (2000ft) 
I 2 3 4 
r (sec) 
Figure 21. RMS Flight Director Signals Due t o  
Conventional Localizer Noise 
*This assumes a s tandard local izer  width of  k2.5 deg and +l5pa full scale.  
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is  accomplished by using bank angle and body-fixed l a t e ra l   acce l e ra t ion   t o  
generate a ro l l - s tab i l ized   la te ra l   acce le ra t ion   te rm which i s  passed through 
a low p a s s   f i l t e r .  
The l a t e r a l   a c c e l e r a t i o n   r e l a t i v e   t o  a nominal curved path may be approxi- 
mated by: 
where cpc = tan VGS/Rg defines a commanded circular path radius Rc (see 
Eq. 21 ). This expression, when passed through a f i r s t -order  low p a s s  f i l t e r  
with time constant, T, gives & a t  frequencies greater than 1 /T. The f i n a l  
mechanization of the derived beam r a t e  ($D) i s  given i n  Fig. 22. 
-1 2 
El r = 4sec 
Figure 22. Complementary F i l t e r  f o r  Derived Beam 
Rate on a Curved Path 
B. . PARAM3TER ADJUSTMENT ANALYSIS (PP A) 
The ana ly t ica l  des ign  procedure  u t i l i zed  to  se t  the  f ina l  system gains 
and feedback transfer flmctions and limiters was formulated so that the  
system requirements in  Sec t ion  I1 could be interpreted direct ly  in  terms 
o f  ce r t a in  quan t i t a t ive  c r i t e r i a .  The system  requirements  and  corresponding 
ana ly t i ca l  measures a r e  summarized i n  Table 5 .  The procedures implicit in 
the Table 5 requirements are used t o  develop and validate FD A i n   t h i s  sub- 
sect ion and FD B i n  Subsection C. 
TABLE 5 
RELATIONSHIP BETWEEN AIVALYTICAL  PERFORMANCE 
MFASU€ES AND PILOT/VEHICLE REQUIREMENTS 
I ANALYTICAL MEASURE 
Root locus of pi loted clo-  
sure  of t he  e f f ec t ive  con- 
Time response t o   i n i t i a l  
condition offset  
Time response t o   i n i t i a l  
condition offset with cross- 
winds and response t o  wind 
shear 
Time response t o  path com- 
mand input  (c i rcu lar  pa th)  
I 
PILOT/VEHICLE mm-s (SECTION 11) 
0 S t a b i l i t y  and damping 
0 Response qua l i ty  (modal in te rac t ions)  
0 K/s near crossover for 
~ 
1 ) Minimum p i l o t  compensation 
2)  Insens i t i v i ty  to  p i lo t  r e sponse  
3) Remnant suppression 
var ia t ions 
0 S t a b i l i t y  and damping 
~~ 
Response qual i ty  (path mode consistency) 
0 Disturbance regulation 
0 Response qua l i t y   ( f ace   va l id i ty )  
. ~ "" 
Command following 
A block diagram which incorporates the feedbacks, feedforward, and 
complementary f i l t e r  discussed previously for the FD A concept is  given i n  
Fig. 23. Also included i n  this f i n a l  system block diagram are: 
0 The f i n a l  g a i n s  and t ime constants uti l ized for the example 
Augmentor Wing a i r c r a f t .  
0 A bank ang le  l imi t e r  t o  e l imina te  the  poss ib i l i t y  o f  command- 
ing excessive bank angles  ( se t  to  30 deg based on p i l o t  com- 
mentary). 
0 A course rate l imi t e r  t o  p rec lude  the  poss ib i l i t y  o f  command- 
ing large rapid bank angles i f  t h e  a i r c r a f t  i s  s ign i f icant ly  
off course. This limiter was s e t  as a f'unction of ground- 
speed so as  to  achieve  a x) deg re-intercept as follows: 
0 Feedforward  shaping f i l t e r s  t o  e l imina te  s t ep - l ike  command bar 
motions i n  response t o  t h e  s t e p  Oc that  occurs At  sec before 
course intercept. It was originally thought that  the command 
bar motions should occur a t  a r a t e  below t h e   p i l o t ' s   t r a c k i n g  
frequency. This would a l low the  p i lo t  t o  keep the  command bar 
centered a t  a l l  times. As  it turned out, the shaping required 
t o  achieve th i s  r e su l t  g ives  an erroneous Qc0 a t  path mode f r e -  
quencies result ing in a s tandoff  in  crosstrack deviat ion.  In  
addi t ion,  the pi lots  did not  object  to  a d i scre te  f l igh t  d i rec-  
t o r  command a s  it tended to  se rve  as status information wi th  
regard t o  a change i n  course geometry. The pilot  opinion was 
very  sens i t ive  to  h is  ab i l i ty  to  recenter  the  bar  wi thout  over- 
shoots or unduly  large  control  inputs.  Setting TA = 0 was 
found t o  be undesirable because it was d i f f i c u l t   t o  t:&=how 
much & was requ i r ed  to  ge t  t he  cormnand bar of f  the  limit, and 
because of the very abrupt nature of the command. A s  a f i n a l  
compromise, t he  l ag  time constants were s e t  t o  u n i t y  (TA = TB = 
1.0). This  resu l ted  in  re la t ive ly  smooth command bar motions 
and did not affect the course tracking accuracy, i.e.,  the 
requirements for face validity and path mode consistency were 
both sat isf ied.  
0 A feedforward init iation t ime increment (note in upper left  
c o r n e r )  t o  i n i t i a t e  t h e  bank angle command At seconds before 
curved/straight course transit ions.  Variations of At1 and At2 
during the piloted simulation showed tha t  t he  t r ans i t i on  
charac te r i s t ics  a re  qui te  sens i t ive  to  these  parameters .  The 
curved to  s t ra ight  t rans i t ion  (Atg)  exhib i ted  the  grea tes t  
s e n s i t i v i t y  because the aircraft  would be turned on t o   t h e  
s t r a igh t   l oca l i ze r  a t  the wrong heading as At2 was varied away 
from i t s  "optimum value. l1 The ensuing bank angle reversals 
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I. 
Switch  throws at, sec  before  stroight  to 
curved course transit ion and Atp sec before 
curved to straight 
course  transition ____-_______ ~ Fecdforward 
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Limiter 
Display 
Gain 
FQw 
CONSTANTS VALUE UNITS - . - - . . . 
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(0.0165) 
.054 
- 
s ec 
(in./rad) 
cmjrad 
sec 
sec 
sec 
s ec 
- 
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Figure 23. Block Diagram and Constants for  Fl ight  Director  A 
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resulted in considerably degraded pilot opinion. Once At2 was 
s e t  a t  the Ifproper value" ( 3  sec) ,  the  s t ra ight  loca l izer  in te r -  
cept was very smooth. The  optimum value for  At1,2 is insensi-  
t i v e  t o  v a r i a t i o n s  i n  a i r c r a f t  speed, course radlus, and winds. 
Th i s   r e su l t s   i n  a desirable system simplification in that At,  ,2 
can be set  to  a constant without compromise i n  system perfor- 
mance throughout the flight envelope. 
The f l i g h t   d i r e c t o r   t o  6w input transfer function corresponding t o   t h e  
block diagram i n  Fig. 23 i s  given as: 
The zeros of t h i s  numerator represent the l imiting characterist ics of the 
system closed-loop modes as the  p i lo t  i nc reases  h i s  ga in  on the  %/% 
closure.  Comparison, of Eq.  28 with Eq. 13 revea ls  tha t  the  addi t ion  of  
r o l l   r a t e  feedback, i . e . ,  Gq = % + Kps, increases  the order  of  NE, from 
two t o  t h r e e ,  making the  e f fec t ive  cont ro l led  element ( e / A )  K/s-like out 
t o  i n f i n i t e  frequency. The coeff ic ients  of  Eq.  28 were adjusted in  accor-  
dance with the pilot/vehicle requirements discussed in Section 11, resu l t ing  
i n  t h e  system survey shown in Fig.  24. This  i s  v a l i d  f o r  a l l  f l i g h t  condi- 
t i ons  because the augmented l a t e ra l  a i rp l ane  t r ans fe r  func t ion  was essen- 
t i a l ly  inva r i an t  w i th  speed. 
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The root  locus  in  F ig .  24 ind ica tes  tha t  the  dominant system response 
is  third order with the second-order closed-loop fl ight director mode, .)ha, 
occurring at  sl ightly higher frequency than the first-order subsidence,  ~ /T$D,  
in the region of crossover.  The gain crossover region was estimated from the  
resul ts  of  several  s imulator  programs, result ing in the closed-loop modes 
shown. One of the primary goals in the design was t o  make the  e f f ec t ive  
controlled element, FD/h, K/s-like over a broad range of frequencies, and 
t h i s  i s  r e f l e c t e d  i n  t h e  Bode amplitude plot. The postulated crossover i s  i n  
the  K/s  region and very near the frequency for maximum phase margin. Notice 
tha t  dev ia t ions  in  p i lo t  ga in  from the  (assumed) nominal by, say, 6 d B  do 
not  great ly  affect  the resul t ing closed-loup modes (see Bode). 
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Figure 24. System Survey f o r  Flight Director A, Yp( FD/6,) 
Some concern was expressed init ially over the unstable nature of the 
f l i g h t  d i r e c t o r  a t  low frequency (see Fig. 24 root locus near the origin) 
and t h e   e f f e c t   t h i s  might have during periods of unattended operation. 
However, t h i s  was not a problem, and t h e  p i l o t s  were t o t a l l y  unaware of 
any conditional stabil i ty aspects  of  the f l ight  director .  
The third-order nature of the response (two modes a t  near ly  the same 
frequency) required close consideration of the response quali t ies require- 
ment discussed in Section 11. lncreasing the rate gain, K?, t ends  to  dr ive  
1 / T b  towards the or igin,  resul t ing in  a higher-order-looking response. 
This i s  characterized by a loca l i ze r  bug t h a t   i n i t i a l l y  moves toward the  
center and then seems to  s tand  of f .  . 
The system was checked for disturbance regulation by looking a t  t he  t ime  
response t o  a crosswind and crosswind shear using a simplified d i g i t a l  simu- 
lation of the closed-loop airplane/display/pilot  system. The r e s u l t s  f o r  
positive and negative crosswinds of 5 k t  f o r  an in i t i a l  cond i t ion  o f f se t  of 
122 m (400 f t )  a r e  shown i n  Fig. 25.* In both cases the disturbance regulation 
charac te r i s t ics  a re  seen  to  be qui te  good i n   t h a t   t h e   a i r c r l f t  i s  on course 
with an established crab angle within X) sec.  In the case of the l e f t  cross- 
wind, the  bank angle  l imiter  is  saturated unt i l  course convergence i s  estab- 
l i shed ,  r e su l t i ng  in  a d i scon t inu i ty  in  the  f l i gh t  d i r ec to r  s igna l  a t  about 
5 seconds as the  s igna l  comes of f  the  l imi te r .  What t h i s  amounts t o  i s  a 
sudden change in  the  e f f ec t ive  f l i gh t  d i r ec to r  l a w  from FDw = (cplim - cp) t o  
F& = f(y,, ?D, q, p) .  While this  violates  the pi lot-centered requirements  
f o r  "face validity, l1 it is  d i f f icu l t  to  avoid  s ince  the  bank angle  l imiter  i s  
necessary t o  satisfy other pilot-centered requirements. Results obtained 
during the piloted simulation indicated that t h i s  problem only occurred a f t e r  
a large abuse and was not objectionable enough t o  downrate the  system. (Note 
tha t  f l y ing  a heading  para l le l  to  the  loca l izer  wi th  a 122 m (400 ft)  of f se t  
i n  a 25 k t  crosswind is  a significant abuse of the system.) 
*These and subsequent time h i s to r i e s  were obtained from a simplified 
digi ta l  s imulat ion descr ibed in  R e f .  11 .  
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Figure 25. Flight Director A Response t o  I n i t i a l  Condition 
Offset with a 25 k t  Crosswind a t  an U S  of 90 k t  
From Table 4 (Line 7)  we would expect t o  f ind  s t eady- s t a t e  o f f se t  t o  
a wind shear input; more specifically, applying the final-value theorem 
t o  Eq. 14 f o r  a gust ramp given by irg/s2, 
Wind shear i s  usually given as a gradient  with respect  to  a l t i tude.  Assuming 
a speed of 60 k t  on a -7..5 deg glide slope, 10 k t /30  m ( 100 f t )  ( a  s t rong  
shear) is- equivalent  to  .68 m/sec2 (2.23 f t /sec2) ,  which would r e s u l t  i n  a 
standoff of 17 m ( 5 6  f t )  during the shear. 
C. ERROR ANALYSIS FOR FD A 
The feedforward bank angle command and the feedback bank angle signal 
a re  subjec t  to  measurement e r rors  which a r i s e  from er rors  in  the  measured 
groundspeed and v e r t i c a l  gyro precession in  a turn.  An important figure of 
mer i t  o f  t he  l a t e ra l  f l i gh t  d i r ec to r  system i s  the  sens i t i v i ty  of crosstrack 
standoffs due t o  t h e s e  measurement errors.  Ignoring the crosstrack rate and 
roll r a t e  feedbacks which have no ef fec t  on t ra jec tory  s tandoffs ,  the  f l igh t  
director equation may be derived from Fig. 23 as follows: 
where 
-I v& /Reg, commanded bank angle based on 
M measured  groundspeed, VM 
= cp + vBIAS, measured  bank angle 
y, = R - Re, crosstrack error  or difference 
between the actual  radius ,  R, 
and the commanded radius, R, 
Noting t h a t  cp Vm/Rg, Eq.  21 can  be rewrit ten i n  terns of the measured 
and actual  groundspeeds and the bank angle bias as follows: 
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Assuming the  f l i gh t  d i r ec to r  i s  kept centered (FQ = 0 )  and tha t  ye << Rc*, 
the sensi t ivi ty  coeff ic ients  of  cro. :s t rack error  to  bank angle and ground- 
speed measurement errors are given as follows: 
where AV represents  the groundspeed measurement e r ro r  ( V G S ~  - VGS). These 
s e n s i t i v i t i e s  a r e  p l o t t e d  i n  Fig. 26 as  a flulction of groundspeed and turn 
radius. The crosstrack  errors   for   pract ical   values   of  AV and a re  
t c 
0 
0 
2 (-) - Eq. 32 aAV f t /sec f t  
0 6 k "  ' I 80 IO0 I io- 
Speed (k ts )  
Figure 25. Crosstrack Error Sensit ivit ies,  FD A 
seen t o  be quite small. As  a check on the analysis ,  a qBmS of 5 deg was 
input on the  FSAA simulator. The  computed crosstrack standoff from Fig. 26 
was in  exce l len t  agreement with the simulation 38 m ( 1 s  f t ) .  
D. PARAMETER ADJUSTMENT ANALYSIS (FD B) 
Flight Director B represents a somewhat more novel approach t o   t h e  
problem i n   t h a t  it does not require feedforwar4 signals and w i n  track any 
arbitrary path without external inputs.  A s  such, the design i s  less s t ra ight -  
forward than FD A, requir ing addi t ional  t radeoffs  and in  some cases compro- 
mises i n  performance. As  w i l l  be shown, the system limitations are of prac- 
t i ca l  i n t e re s t  on ly  when a small tu rn  rad ius  i s  requi red  (Rc < 1219 m (4000 f t ) .  
For such cases, a washed-out s t ep  bank angle command must be added t o  allow the 
a i r c r a f t   t o  "blend in" t o   t h e  curved path prior to reaching the point of 
tangency. A block diagram of FD B which reflects the feedback structure and 
f i n a l  system constants used for the Augmentor Wing STOL i s  given in Fig. 27. 
-om Fig. 27 t h e  f l i g h t  d i r e c t o r  t o  wheel numerator i s  given as: 
The increase from a third-order numerator (FD A )  t o  a fifth-order numerator 
i s  due t o  t h e  bank angle washout c i r cu i t ,  and  the  lag  a t  1 / r  i n  G? (see 
Eq. 25) r e q u i r e d  t o  f i l t e r  beam noise. This lag is effectively eliminated 
in  F l igh t  Di rec tor  A by  complementary f i l t e r i n g  ( s e e  Fig. 22) .  The design 
of Flight Director B i s  predicated on being able to follow any beam shape 
(within system limits) without prior knowledge of the beam geometry. Com- 
plementary fi l tering schemes require knowledge of  the beam geometry and a re  
therefore  "not allowed" in the design of FD B. A key design tradeoff i s   t o  
maximize the beam r a t e   f i l t e r  time constant, T, t o  reduce system noise while 
maintaining the required s tabi l i ty  character is t ics .  
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Preliminary adjustments of the system parameters were accomplished using 
root locus factoring techniques to determine the effects of the system para- 
meters on the zeros of e. The first s t ep  in  th i s  p rocess  was t o  s e t  Kp = 0 
and to f ac to r  Eq. 33 i n  terms of Q. The result ing equation takes on a re la-  
tively  simple  form as follows : 
A generic sketch of the locus of the roots  of  Nsw as a function of the  roll 
gain, Q, i s  g iven  in  F ig .  28. The "des i rab le  locus"  ( so l id  l ines)  re f lec ts  
t he  need f o r  a low-frequency, well-damped, second order ( c o $ ~ )  t o  maximize 
the  K / s  region in the effective controlled element. Consideration of the 
factors  required to  obtain the desirable  locus gives  r ise  to  the observat ions 
and system tradeoffs shown i n  Table 6. From Table 6 it i s  c l ea r  t ha t  t he  
parameters KY/K$, l/Two, and T must be minimized only to  the  ex ten t  t ha t  a 
"desirable locus" i s  a t ta ined  and  in  such a way tha t  t he  system conf l ic t s  a re  
acceptably resolved. To this extent several combinations of these parameters 
were picked and tested via the measures i n  Table 5 .  
FD 
-U 
Figure 28. Generic Root Locus for Factoring Nsw cp ($ = 0) 
TABLE 6. PAFVMETER ADJUSTMENT TRADEOFFS 
RFQUIRED FOR OTHER SYSTEM 
CONSIDERATIONS 
- - -~ "" ^___ 
Very low values of K,/K+ r e s u l t   i n  poor 
response quality du$tog"Png tails" I Minimize Ky/K$ 1 during  capture. (e  Y/ 5. i s  the  dmmi- 
I I nant mode a t  low  frequency. 
Bank angle must wash out faster than the 
dominant path mode ( ~ F D )  t o  minimize 
Maximize Two 
standoffs with yF. 
residual feedback which w i l l  r e s u l t   i n  
Minimize T 
The break frequency of t h e  beam r a t e  
f i l t e r  i s  l /a ,  and as such, requires  a 
be kept large enough for adequate noise 
re ject ion.  
The final parameter adjustment involved setting the roll r a t e  feedback, 
$, t o  maximize the region of K/s in the effective controlled element.  Again 
root  locus factor ing was used t o   g a i n  an appreciation of the effect  of  vary- 
ing Kp on the  F%/€iW numerator. A generic sketch of the root locus factoring 
of Eq. 33 with "optimum values" of Ky/K$, Two, and T i s  given i n  Fig. 29. 
This  sketch indicates  that  increasing p feedback has a de le te r ious  e f fec t  
on the  dominant path mode zero,   i .e . ,   tends  to   increase and  ecrease cm. 
This effect may be explained as follows. Assuming the crosscoupling between 
r and p t o  be small (6, >> r t an  e o ) ,  the  re la t ionship  between bank angle, cp, 
and the actual feedback quantity,  %o (see Fig.  27) ,  i s  given by the approxi- 
mate Bode asymptotes  of Gq ( f o r  l/TWo << %/KP) i n  F ig .  30. These  asymptotes 
ind ica te  tha t  pure  bank angle feedback (%cp) exists over a frequency region 
bounded by l/Two and %/Kp and that the feedback i s  e s sen t i a l ly  roll r a t e  
a t  a l l  other frequencies. Thus, as  KP i s  increased, the effective feedback 
becomes the der ivat ive of  crosstrack accelerat ion,  'v(y A gcp), with the corres- 
ponding e f f ec t  on the path mode  shown i n  Fig. 29. While t h i s  e f f e c t  e x i s t s  
on more conventional systems (FD A) ,  it i s  more pronounced when the  bank angle 
i s  washed out .  A s  a r e su l t ,  it i s  necessary t o  s t r i k e  a compromise between 
the pilot-centered requirement for K / s  a t  high frequencies and path mode 
s t a b i l i t y .  
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Figure 30. Approximate Bode Asymptotes of Gq 
With t h e  above considerations in mind, t he  system parameters were 
adjusted t o  give the control led element charac te r i s t ics  shown i n  Fig.  31.  
The crossover frequency shown  was estimated from t h e  FSAA simulator time 
responses. (Notice that it corresponds t o  near-maximum phase margin. ) 
Yp = KP,LOTe-iw7 
Kp = .3Ssec 
K+ = 1.35 
K, = ,0066 rod/rn (.002 rod/f t )  
K i  .054 rad/rn/sec LO165 rad/ft/sec) 
T = .5 
Two = 10.0 
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Figure 31. System Survey f o r  Flight Director B, YP(FD/6,) 
The compromise involved i n  s e t t i n g  t h e  p feedback gain i s  evident from the  
region of K / s 2  between 1 / ~  and 1 / T F D ~  i n   t h e  Bode asymptotes. 
Comparison o f   t he  Bode amplitudes between FD A and FD B ind ica tes  tha t  
FD B i s  down by a factor  of  1.5 in the region of crossover.  Piloted simu- 
la tor  exper iments  ind ica ted  tha t  th i s  was  too  low and the display gain was 
t h e r e f o r e  s e t  t o  1.5. 
A s  i n  FD A, the low-frequency conditional instabil i ty was found t o  have 
no e f f ec t  on pi lot  opinion.  
The ini t ia l  condi t ion response character is t ics  of  FD B a re  g iven  in  terms 
of the t ime and frequency characterist ics in Fig.  32.  Focusing first on the  
closed-loop frequency response (Fig. 32a), the mid-frequency response is seen 
t o  be primarily second order a t  &. The e f f ec t  of the bank angle washout 
shows up as a low-frequency droop in the frequency response. We would there- 
fo re  expec t  t ha t  a l l  bu t  a small pa r t  of any l a t e r a l   o f f s e t  w i l l  be eliminated 
a t  frequency wFD (0.41 rad/sec),  and the  remainder a s  a f i r s t -o rde r  decay with 
time constant 1 /Ts (closed-loop spiral mode). This i s  borne out in Fig. 32b 
where it i s  seen that a l l  but 5 percent  of  the la teral  offset  i s  removed i n  
12 seconds and that the last  5 percent 6.1 m (20 f t )  seems to  s tand  of f ,  bu t  in  
f ac t  goes t o  zero in  3Ts = 43 sec.  This effect  i s  inherent  to  the  washed-out 
system and i s  at t r ibutable  to  the residual  output  of  the washout c i r c u i t  which 
causes an effective standoff with y, (compare cp and ‘pw0 i n  Fig. 32b). The  low- 
frequency droop may be minimized by dr iv ing  the  sp i ra l  mode d i r ec t ly  in to  the  
washout zero as  in  Fig.  28. Note that  this  implies  Ky/Kj, should be set  equal 
to  or  grea te r  than  l/Two, which i n  e f f e c t  s e t s  an upper limit on l/Two. The 
residual  lateral  offset  in  Fig.  32b was found t o  be negligible during the 
simulator evaluations of FD B. 
The disturbance regulation characterist ics to crosswind shear for FD A 
and FD B, cmpared in Fig.  33, indicate that regulation against  crosswind 
shear i s  considerably improved with FD B. However, t h i s  i s  compromised by 
a s l igh t ly  degraded response when co r rec t ing  fo r  a  l a t e ra l  o f f se t  i n  t he  
presence of a negative crosswind as shown i n  Fig. 34. From a p r a c t i c a l  
standpoint, it i s  more l i k e l y  t h a t  t h e  a i r c r a f t  will encounter a crosswind 
shear while tracking the localizer than correcting for large offsets in the 
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presence of a steady wind. T h i s  is  espec ia l ly  true *en t h e  a i r c r a f t  i s  
near touchdown (or  decis ion height) .  It i s  therefore  f e l t  that  the slower 
response time i n  a right crosswind (compare Figs. 25b and 34b) i s  not a 
s igni f icant  drawback when compared t o   t h e  improved response t o  wind shear 
shoirn i n  Fig. 33. 
The mdamen ta l  advantage of t he  washed-out bank angle director l ies  
i n  i t s  abi l i ty  to  t rack an arbi t rary course (within design l imits)  without  
the benefit  of external guidance inputs in the form of feedforward commands. 
The t ime response characterist ics of a curved course intercept from a s t r a igh t  
course are shown i n  Fig. 35 i n  calm air and with a 25 kt tailwind. These 
r e s u l t s  a r e  f o r  a 1219 m (4000 f t )  turn radius  and a true airspeed of 90 k t .  
Course t r ans i en t s  a t  t he  in t e rcep t  po in t  are inherent due t o  t h e  l a c k  of an 
advanced bank angle command and a r e  s e n s i t i v e  t o  t h e  commanded turn radius,  
t rue airspeed,  and wind. 
E. ERROR ANALYSIS FOR FI) B 
The dominant tracking errors are seen to occur at  curved path intercept.  
These e r ro r s  a re  induced by the  fac t  tha t  the  requi red  bank angle is not 
achieved unt i l  several  seconds a f te r  the  in te rcept  po in t .  This  "ef fec t ive  
time delay'' i s  a function of the maximum r o l l   r a t e  and pilot  reaction t ime. 
It i s  accounted for  in  the FD A design by ini t ia t ing the bank angle command 
a small time increment before curved course intercept. Since the basic con- 
cept of FD B i s  t o  f r e e  t h e  system from trajectory-dependent logic,  this feed- 
forward "lead" is  not desirable.  The fol lowing error  analysis  appl ies  to  any 
l a t e r a l  f l i g h t  d i r e c t o r  where bank angle i s  not commanded before curved course 
in te rcept .  
If we s implify the bank angle response t o  a constant step of magnitude ' b y  
occurring  sec af ter  the  curved  course  intercept,  the  path  geometry may be 
represented as shown in Fig.  36. 
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The following definit ions apply to Fig.  36: 
PI = Center  of  the  desired  circular  trajectory,   f ixed 
P2 = Center  of  the  osculating  circle* which defines the 
i n e r t i a l l y  
actual path; moves with xwyw frame 
R = Radius  of the commanded path 
p = Inverse  radius  of  curvature  defined by t h e  a i r c r a f t  
bank angle and speed as follows: 
r = Vector  def in ing  the  a i rc raf t  pos i t ion  in  the  iner -  
t i a l  frame 
xw, yw = Coordinates  f ixed in  the air  mass 
*An oscu la t ing  c i r c l e  i s  simply a circle  def ined by the radius  of curvature 
a t  any poiztt i n  an a rb i t r a ry  cu rve  ( in  th i s  ca se  the  a i r c ra f t  t r a j ec to ry ) .  
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The maximum course overshoots occur with a ta i lwind a t  course intercept. 
In  th i s  ca se  the  +yw coordinate frame t r a n s l a t e s   t o   t h e   r i g h t  a t  the  wind 
speed, Vw, a long  the  ine r t i a l  x axis. The posi t ion of  the aircraft i n  each 
of the coordinate systems i s  given as follows: 
yw = p s i n  eP 
5 = R - p(1  - COS e,) 
X I  = xw 
YI = Vwt + p s i n  ep + V~sclT 
e p  = VTASt/P 
The crosstrack error  i s  given as: 
Since R i s  constant ,  the  problem becomes  one of finding the m a x i m u m  value 
of r. Taking the derivative of r2 and se t t ing  the  resu l t ing  express ion  to  
zero results in an equation for t-, the time when peak r occurs. 
( 3 5 )  
Values of tmax are solved from Eq. 37 using Newton  Raphson i t e r a t ion .  The 
resu l t ing  tm, i s  used t o  compute ymax, t he  peak crosstrack error.  Solu- 
t i ons  fo r  t he  peak cross t rack  e r ror  were obtained by solving Eq. 37 f o r  t,, 
and using the result ing values in Eq. 36. These r e s u l t s  a r e  shown i n  Fig. 37 
fo r  e f f ec t ive  time delays of 3 and 6 sec, a t rue airspeed of  90 k t ,  and 
steady tailwinds of 0, 10, and 25 kt .  Addit ional ly ,  the ai rcraf t  was assumed 
t o  r o l l  t o  t h e  bank angle limit, i.e., 4 = 30 deg. The major conclusions t o  
be drawn are:  
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1 .  The knee  of the curves occur between 914 m (3000 f t )  and 
1219 m (4000 f t )  turn radius .  Therefore ,  commanded r a d i i  
of less  than  1219 m (4000 f t )  are  not  deemed p rac t i ca l  
without an advanced bank angle command. 
2. The s e n s i t i v i t y  t o  t a i l w i n d  magnitude increases rapidly 
a s  t h e  commanded radius is  decreased. 
3. Peak crosstrack errors  are qu i t e  s ens i t i ve  to  the  time 
required to  reach the required bank angle, i.e., t o  N.  
(AT = 3 sec i s  consistent with measurements from pi lo ted  
simulation. ) 
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Figure 37. Peak Crosstrack  Deviation 
Note t h a t  when the peak crosstrack errors are small, the  bank angle limit 
may not be reached (i. e.  , # # 30 deg) , resu l t ing  i n  a s l i g h t l y   l a r g e r   e r r o r  
than predicted in Fig.  37. 
A s  shown i n  t h e  above analysis ,  the crosstrack errors  become unacceptably 
la rge  at curved course intercept when the  commanded radius,  Re, i s  l e s s  Bhan 
l2l9-m (4000 f t ) .  This problem may be a l l ev ia t ed  in  FD B by adding a con- 
s t an t  washed-out s t ep  bank angle command t o  be i n i t i a t e d  a t  the appropriate 
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time  (approximately 3 sec) prior to course  transition. A s  in FD A, the 
command  signal  magnitude is tan-' V&/Rg and  is  passed  through a second- 
order  lag  for  smoothing  (see  Fig. 38). The  simplification  arises  from  the 
fact  that  the  input  is  a  constant  and,  because of the washout, is not 
Feedforward Feed forward a+ = 0 Washout Smoothing Filter - 
vc's S aC = tan" - 
I - Q'CO - - 
RQ st I / T, ( TASt I k g s +  I 1 
Figure 38. Simplified  Feedforward f o r  FD B 
sensitive  to  errors in computed  groundspeed.  The  feedforward  in  Fig. 38
is  required  only  for  turn  radii  less  than 1219 m (4000 ft). Since  the 
overall  objective  of FD B is  to  maintain  design  simplicity,  and  since 
turn  radii  of  less  than 1219 m (4000 ft)  are  unlikely  in  practice,  the 
feedforward  is  not  considered  a  basic  part of he FD B design.  It  is 
given  here  as  a  possible "fix" in  the  event  that srnal.1 turn  radii  are 
required . 
SECTION VI 
SUMMARY AND CONCLUSIONS 
A technique for the design of an integrated configuration management/ 
f l igh t   d i rec tor   sys tem  for   pmered- l i f t  STOL’s has been developed and proven 
using the NASA  mes Augmentor Wing as an example vehicle. A f’undarnental 
mission requirement was to   a l low manual tracking of a curved ILS beam includ- 
ing the capabi l i ty  for  decelerat ion on the glide slope.  In summary, the 
system which evolved from the resulting design-analysis effort consists of: 
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0 A configuration management system  involving a f l a p  
t o  hot thrust vector angle interconnect with both 
of these controls automatically driven by the air- 
speed sensor output. 
0 A longi tudinal  f l ight  director  consis t ing of  a p i t ch  
ccanmand bar, and a t h r o t t l e  command bug. 
Two competing l a t e r a l  f l i g h t  d i r e c t o r  systems  which 
allow tracking of curved paths. 
0 A rate comand/att i tude hold pitch SAS. 
The resu l t ing  system was deemed very desirable by t h e   p i l o t s   i n  that workload 
was reduced t o  an acceptable level and minimal compensation was requi red  to  
obtain the desired performance. 
Several important conclusions relating to the implications for future 
designs are summarized below. 
The concept  of  changing  control  techniques  during  the 
amroach (fronts ide to  backside)  via  the f l ight  direc-  
t o r  was acceptab le  to  the  p i lo t s .  
0 The pilot-centered  requirement  for  “frequency  separa- 
t i o n  of controls” was found t o  be extremely important 
f o r  p i l o t  acceptance.  That i s ,  i f  more than one con- 
t r o l  i s  commanded i n  a single axis, the secondary com- 
mand must be a t  a low enough frequency so as t o  be 
considered a trim fbnction by the  p i lo t  (e .g . ,  wel l  
below the path mode frequency). I n  the present system 
the  th ro t t l e  d i r ec to r  was secondary during frontside 
control ( V m  2 80 k t )  and the column director  was 
secondary during backside tracking ( V m  2 79 k t ) .  
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0 A speed SAS ( a i r speed  to  hot thrust vector angle i n  the 
example system) was necessary to  sa t i s fy  the  f requency  
separation of controls requirement and s t i l l  achieve 
acceptable airspeed control. Attempts to allocate the 
airspeed control  funct ion solely to  the column d i r ec to r  
resul ted in an unacceptably  high  level   of   act ivi ty   for  
a secondary control (excessive pilot workload). A low 
gain airspeed feedback to the column d i r ec to r  was accept- 
ab le  in  tha t  it acted as an a t t i t u d e  trim funct ion  to  
help regulate against large disturbances which saturate 
the speed SAS. 
0 When operating in the backside mode, the configuration 
management system must not  require  discont inui t ies  in  
trim power. 
0 The effect ive control led element  which consists of the 
SAS + airplane + primary f l ight  director  must have a 
K/s slope ( i n  the frequency domain) in the region of 
piloted crossover.  A pure gain shape was acceptable for 
the  thro t t le  d i rec tor  bu t  w,as not  as desirable  as  the K/s 
system. 
0 An angle-of-attack protection circuit  (angle of attack 
t o   t h r o t t l e  command  when angle of a t t ack  exceeds 10 deg 
fo r  t he  example airplane)  was required. 
0 Low deceleration capabili ty on steep (-7.5 deg)  approach 
paths i s  an inherent STOL l imitat ion unless  auxiliary 
drag devices are employed. 
0 The l a t e r a l  f l i g h t  d i r e c t o r  must command the  bank angle 
3 sec before curved course intercept for turn radii  of 
less than about 1219 m (4000 f t ) .  
0 The HSI i s  not  an  adequate  status  display  during  curved 
path tracking. A moving map display is  suggested as a 
so lu t ion   to   the   d i sp lay  problem although t h i s  was not 
tes ted   in   the   p resent  program. 
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